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PREFACE. 



This work is altogether designed forthe use of students 
in the Dublin University, but as it may fall into the 
■ hands of some not aware of this circumstance, and who 
^ may expect many things not found therein, and may 
"•;-, meet with other things to them apparently unsuitable, 
I - or insufficiently illustrated, it is necessary to give some 
V) explanation. '^ 

<^ A treatise on astronomy professing to be complete, 
,-^. ought, in the 6r8t place, to abound with examples. In 
I a treatise, however, merely designed to teach the out- 
-^ lines of the science, and to point out what may incite and 
lead to further inquiry, such examples are unnecessary. 
In the necessarily limited portion of time devoted to as- 
tronomical science in the course of a University educa- 
tion, a multitude of examples would, to the mass of 
students, be perfectly useless. It would be, therefore, 
improper to increase thereby the size of this volume, 
which has been prepared at the request of the college 
for their use. 

Again, it may be said, that more matter was intro- 
duced than was absolutely necessary ; that it was unne- 
cessary, for instance, to introduce the subject of astro- 
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nomical iostruinents. It ma; be answered in reply to 
this, that their introduction is not only a benefit to the 
student, but an assistance to the Astronomical Professor. 
The latter, in his annual lectures, has an opportunity 
of explaining and illustrating the uses of the different 
instruments used in the practice of astronomy, to which 
lectures the students have free access ; and the short 
preparatory account of the instruments given in this vo- 
lume enables him to give, with much greater effect, 
a more minute explanation. 

It may not be irrelevant to mention, that the greater 
part of the substance of this volume, according to its 
present arrangement, haa been ^ven by the author in 
his annual lectures since the year 1799, as Professor, 
and that the first sixteen chapters have been actually in 
the hands of the students since 1808, having been then 
for the first time printed for their use. 

The student who is anxious for a more extended 
knowledge of plane astronomy, and b desirous of fami- 
liarizing himself with astronomical computations, can be 
at no loss for assistance. The works of Professors 
Vince and Woodhouse will afford him very extensive 
information. The different publications, too, under the 
sanction of the Board of Longitude, more especially the 
Nautical Almanack, will furnish essential practical aid 
to the student who desires it ; besides these and other 
valuable British publications, the student may avail him- 
self of a multitude of foreign works on the subject of 
astronomical science. The transactions of learned so- 
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cieties, both at home and abroad, constitute a third very 
extensive source of information on this subject. 

Works on trigonometry are so numerous, and its 
applications so readily referred to, that in common in- 
stances it has not been thought necessary to particular- 
ize any author. In the Appendix, for which a more 
extended knowledge of trigonometry is necessary, the 
treatises of Professor Woodhouse and Mr. Luby have 
been quoted. These works will be found quite suflB- 
cient for obtaining the preparatory knowledge of tri- 
gonometry necessary for the more difficult parts of 
astronomy. 

•^* The author had intended to prepare some ad- 
ditions for this work, particularly on the subject of dou- 
ble stars and comets, tuid on the temperature of the earth 
and its variations; His distressing and tedious illness, 
with the harassing duties of his ministry, unfortunately 
prevented him from fulfilling this intention. 

It is now too late, with regard to the present edition, 
to think of supplying the deficiency. The knowledge 
of scientific men on the subjects alluded to is moreover 
still in a very imperfect state, and the discussion of them 
may therefore be fairly reserved for a future edition. 
For a highly interesting detail of all that has been done 
in these matters, as well as of the nature of the questions 
themselves, and the various modes of subjecting them 
to the tests of observation and calculation, the reader 
is referred to the astronomical treatise in Lardner*s 
Cyclopedia, by Sir J. Herschel. 
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ADDENDA ET CORRIGENDA. 
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INTRODUCTION. 



The science of astronomy has advanced to its present state, 
by means of a series of observations and discoveries made 
during a long course of ages. We can now select from 
these, such as will best conduce to demonstrate the true 
gystem, and explain the various phenomena. 

Astronomy, by making known to us the immensity of 
the creation, necessarily increases our reverence of the 
Divine Creator. This alone, is a sufficient reason for making 
it a part of general education. It also, perhaps, furnishes a 
more satisfactory application of the abstract sciences, than 
any other part of Natural Philosophy. Its practicaL utility 
is also considerable. It has always been useful in Geo- 
graphy and Navigation, and lately has afforded splendid 
assistance to the latter, by the lunar method of finding the 
longitude at sea. 

When the student first applies himself to subjects of 
Natural Philosophy, it is of much importance that he should 
proceed by the same strict and accurate manner of investi- 
gation, to which he had been accustomed while engaged in 
the rudiments pf Mathematics. 
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XVU INTRODUCTION. 

The perfection of modern instruments, and of modem 
observations, admits of an arrangement, which will afford, 
with respect to the most important facts in Astronomy, 
nearly the same degree of conviction to the mind as it re- 
ceives from the elements of Euclid, and which requires httle 
more preparatory knowledge. Such an arrangement has here 
been had in view. 

The phenomena of the celestial bodies observed by a 
spectator fixed in one place are noticed. The uniform ap- 
parent diurnal motion of the concave surface carrying with it 
the sun, moon, planets and fixed stars, leads to the defini- 
tions of the celestial equator, poles, meridian, declination, 
&c. The considerations of the apparent motions of the 
sun, moon, and planets, on the apparent concave surface, 
lead to (he definitions of the ecliptic, of right ascension, 
longitude, &c. The various problems of the sphere have 
their origin from the apparent motion of the concave surface 
and the apparent motions of the sun, moon and planets on 
this surface. This is almost all the astronomical knowledge 
that could be atttuned to by a spectator fixed to one spot, 
and not possessing observations made in distant places. He 
could form no accurate notions of the actual magnitudes, 
and actual distances of the sun, moon and planets. All the 
certain astronomical knowledge that existed for many ages 
was limited to the doctrine of the sphere. 

The next consideration is, in what manner we can ascer- 
tain the actual magnitudes of the celestial bodies and their 
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INTRODUCIION. XIX 

actu&l distances from us. Telescopes enable us to examine 
more exactly their appearances, and serve to exhibit many 
most interestmg phenomena, but do not directly lead us 
further. 

The first step of importance is a knowledge of the form 
and magnitude of the earth. The fixed stars appear in the 
same relative situations, at the same angular distances from 
each other, and from the visible celestial pole, in whatever 
part of the earth we are. The most exquisite instruments 
point out no alteration. The conclusion drawn from this is, 
that the fixed stars are at distances so great, that fines 
directed &om all places on the surface of the earth towarda 
the same fixed star, or towards the visible celestial pole, 
must be considered as parallel. Combining this -with what 
has been observed in so many places, that the variation of 
altitude of the celestial pole is proportional to the space 
gone over in a direction north or south, and that for a 
change of altitude of one degree, the space is about 69jl 
miles, it is easily proved that the earth is nearly a sphere of 
about 8000 miles in diameter. 

This is an important step — ^We thus ascertain that a 
space of 8000 miles is as nothing compared vrith the dis- 
tances of the fixed stars. 

It also follows that the alUtude of the celestial pole is 
equal to the latitude of the place. This conclusion enables 
us to solve the problems arising from the situation of the 
celestial circles in different places, and to explain the variety 



b> Google 



XI INTRODUCTION. 

of seasons over the whole earth, independent of the know- 
ledge of the true system. 

Having ascertdned the form and magnitude of the 
Earth, the next step is to investigate the magnitudes of the 
sun and planets, or at least to show, that some of them 
greatly exceed the earth in magnitude, and also to show the 
vast distances of them compared with the diameter of the 
earth. It is important that this should be done previously 
to demonstrating the true system. 

Certain observations, made with micrometers, at two 
places considerably distant from each other, but nearly 
under the same meridian, serve for this purpose. The stu- 
dent will readily apprehend this method ; he will see, that 
by it we are enabled to ascertmn the angle, the disc of the 
earth would be seen under, could we remove ourselves to a 
planet to make the observation. This angle can be ascer- 
tained with as great precision, as we can measure the apparent 
diameter of a planet seen from the earth. If, with respect 
to some of the planets, the angle which the earth's disc 
subtends be so small, that it is within the limit of the errors 
of observation, yet we obtain a limit of the magnitude of the 
earth compared with the magnitude of the planet. Thus 
the earth seen irom Jupiter subtends an angle of four se- 
conds, when Jupiter seen from the earth subtends an angle 
of forty seconds. Now if it be contended that neither of 
these angles can be ascertained to a second or two, it will 
make no difference as to the purpose, for which this mode 
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INTIlODrCTION. XXI 

of ascertaining the relative magnitudes of the earth and 
Jupiter is introduced. It will suffideiitly show that the 
magnitude of Jupiter greatly exceeds that of the earth, and 
also will show, that the distance of Jupiter is many thousand 
times greater than the diameter of the earth. 

The spots upon the sun, and appearances in several of 
the planets, show that they are spherical bodies, having a 
motion of rotation on their axes. All this, being quite in- 
dependent of any hypothesis as to the arrangement of these 
bodies, assists much in the arguments by which the rotation 
of the earth on its axis, and its annual motion round the sun 
in an orbit nearly circular, may be proved. 

The different motions of the planets on the concave sur- 
fece which appear so irregular, are easily explained by their 
moving in orbits nearly circular about the sun. 

By following an arrangement of this kind, any student 
may without difficulty satisfy himself of the truth of the 
Copernican system. He will find this manner of treating 
the subject pursued in the first seven chapters of this work. 
At the end of the seventh chapter is a short account of the 
Ptolemaic System, now no longer interesting, except on 
account of the ingenuity exhibited in accommodating it to 
the different phenomena. 

After the true system has been explained, the subse- 
quent arrangement in a treatise on astronomy seems of little 
consequence. 

In this work, after the motions of the primary planets 
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XXII IKTRODUCTION, 

are explained in a general manner, the motions of the moon 
and secondary planets and several other circumstances con- 
nected therewith are briefly noticed. This is followed by 
some considerations respecting the solar system and fixed 
stars. 

A short account of instruments and observations, by 
which the places and motions of the eelestiat bodies are 
exactly ascertained, is followed by a more exact statement 
of the planetary motions, and by an account of Kepler's 
discoveries ; also by a more particular account of the motions 
of the moon, of the satellites and of comets. 

Several of the phenomena, which arise from, or are 
pointed out by, the motions and bodies of the solar system, 
are next considered. Such are the eclipses of the Sun and 
Moon, the transits of Venus and Mercury over the Sun's 
disc, the velocity and aberration of light, and the equation 
of time. 

The application of astronomy to navigation and geogra- 
phy is also introduced, and the importance of the former has 
occasioned a rather long detail. 

The chapter on the discoveries in physical astronomy 
contains little more than an hbtorical account. It had been 
at first intended that it should contMn the elementary parts 
of physical astronomy, as far as respected Kepler's disco- 
veries. Physical and plane astronomy are now so connected 
that it is difficult to treat of them separately. 

Facts in the history of astronomy have been only occa- 
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INTRODUCTtON. XXlll 

sionally introduced. The student, who haa made himself so 
well acquainted with astronomy as to find its history inte- 
resting, wilt easily procure for himself, from a variety of 
authors, all the information he can desire. 

Among the various advantages derived from the science 
of astronomy, there is one eminently deserving of notice. 
We see the most complex appearances and most intri- 
cate apparent motions admitting of the simplest expU- 
nations. 

How intricate and various are the apparent motions 
which depend only on a primary motion of projection and 
the simple law of gravity! This may assist us in other 
departments of natural science, and may encourage us to 
expect that the most difficult phenomena may at last he 
found to arise from the most simple laws. 

The aberration of light furnishes a remarkable illus- 
tration. 

Light moves about 300,000 miles in a second ; had it 
moved only 50 miles in a second, it is probable astronomy 
would not now have existed as a science. The motions of 
the stars and planets would have appeared inextricable 
confusion. The face of the heavens would have been con- 
tinually changing, and could not have been divided into 
constellations. Stars which at one time would be seen close 
together, at another would appear many degrees asunder. 
All this would be occasioned by the simple change of the 
velocity of light, and, as is easily understood, would arise 
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XXIV IMTRODUCTION. 

from a combination of the motion of light, and of the other 
motions in the system. If this notion be pursued in all its 
bearings, it cannot be doubted that a consequence of such 
an alteration in the velocity of light would have been, that 
this science, by which our knowledge of the creation is so 
much extended, would scarcely as yet have existed. 
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ELEMENTS 



ASTRONOMY. 



CHAPTER I. 

ON THE DOCTRINE OF THE SPHERE. 

I. The imaginary concave surface in which a spe'cfetctr at fifst 
conceives all the heavenly bodies placed, is an herai^ere, in 
the centre of the base of wliich he himself is situate. - -The base 
of this hemisphere is the plane by which his view of the heavens 
is bounded. . - It is called tlie plane of the horizon. 

The numerous bodies observed on tlie concave surface differ 
in lustre, and apparently in magnitude. . . All of them appear to 
have a d^ly motion. - ■ Many of them emerge, as it were, from 
below the plane of the horizon, and, after traversing the concave 
surfoce, disappear, to rise again at the same points of the horizon 
as before. ■ ■ Others in their paths never reach the horizcm, but 
continually move round a fixed point in the heavens. 

Far the greater number of the celestial bodies preserve the 
same situation with respect to each other ; that is, they preserve 
the same apparent distances from each other. • These are called 
^xed stars. 
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2 ELEMENTS OF ASTRONOMY. [CHAP. I. 

The sun, besides his diurnal motion of rising and descending, 
seems also to have a motion on the concave sur&cei and in a 
certain space of time, called a year, to return to the same posi- 
tion with respect to tlie fixed stars. 

The moon appears also, besides its diurnal motion, to have 
a motion among the fixed stars, and in a space of time called a 
month, returns nearly to the same position with respect to the 
sun. 

2. The spectator viewing those stars that do not set, will 
observe one of them nearly immoveable. This is called the 
Polar Star, from its vicinity to the point about which the stars 
that do not set appear to move. The point itself is called the 
JVbriA pole. — The face of the spectator being turned to this 
point, the stars nse on his right hand, or In the east, and set on 
his left hand, or in the west ; and thus the apparent diurnal mo- 
tion of the celestial bodies that rise and set, is from east to west. 

The apparent motions of the sun and moon among the fixed 
stars, are in a contrary direction ; that is, from west to east. 

Besides the sun and moon, and fixed stars, ten other celes- 
tial bodies may be noticed, which, beside their apparent diurnal 
motions, have apparent motions that at first seem not easily 
brought under any general laws. Sometimes they appear to 
move in the same direction among the fixed stars as the sun and 
moon ; at other times in a contrary direction, and then are said 
to be retrograde. At times they appear nearly stationary. 
They are called planets. They have been named Mercury, 
Venus, Mars, Ceres, Pallas, Juno, Vesta, Jupiter, Saturn, and 
die Geor^um Sidus. Of these, five have been noticed from 
the remotest antiquity. The other five, lately discovered, are 
only visible by the assistance of telescopes. ITie Geor^um 
Sidus was discovered by Dr. Herschel in 1780. Ceres was 
disfxivered on the first day of the present century, at Palermo, 
in Sicily, by M. Piazzi. The other three have been discovered 
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since. Pallas, at Bremen, by Dr. Olbers ; Juno, at Lilienthal, by 
M. Harding ; and Veata, by Dr. Olbers. Mercury and Venus are 
remarked to be never far from the sun. All butPallas are always 
found to be near the annual path of the sun in flie concave surface. 

3. The above are a few of the phenomena which offer them- 
selves in contemplating the heavens. But the motions are in 
general only apparent, and take place from a combination of a 
variety of different motifxis. The difficulty of deducing the ac- 
tual circumstances of the magnitudes, and of distinguishing the 

' true from the apparent motions of these bodies, however easy it 
may appear when done, is sudi that we ought not to be sur- 
prised that the ancients made so little progress toward the know- 
ledge of the true system and true dimensions of the universe ; 
nor ought we to tfunk lightly of their efiforts, and to treat tJiem 
with contempt for their errors. The modems, by the joint as- 
sistance of mechanics, optics, and mathematics, have advanced 
the science of astronomy to a greater degree of prefection, per- 
haps, than any other branch of natural knowledge. 

4. For more readily explaining and referring to the pheno- 
mena of the celestial bodies, cert^ circles are imagined to be 
described wi the concave surface. Distoices on the concave 
surface are measured by ardies of great circles. The* present 
division of the circle into 360 equal parts, called degrees, of 
each degree into 60 equal parts, called minutes, and of each mi- 
nute into 60 equal parts, called seconds, vras not used till long 
after astronomy bad attained to a considerable degree of per- 
fection. 

It is much to be regretted, that, at the revival of learning in 
Europe, a decimal division of the circle was not adopted, which 



■ The old mode ofeipressiDg tbe meuura of an aich, was bj alatiag its relalion 
the whole circumfereace ; thus the diameter of ibe tun, measured on the con- 
re lurface, wai laid to be ,jj of a great circle. 
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would have greatly facilitated astronomical computations. The 
French have lately adopted this division, but not generally. — 
> They divide the drcle into 400 parts, each quadrant containing 
100, each of these parts into 100, &c. But it is much to be 
doubted whether the advantages of this division will compensate 
for the disadvantages now attending it ; which necessarily arise 
from tlie number of books in which the old division is used, 
and the great variety oT" measures of that i^viidon familiar to 
astronomers. Accordingly, in France the old divisions seem 
likely to prevail, and much inconveniHice will probably result 
from tlio new divisions having been adopted in some recent very 
valuable worksin astronomy.' 

The circles, and arches of circles, forming parts of the in- 
struments used in practical astronomy, are actually divided into 
degrees and parts of a degree, as far as the magnitude of the 
radius will permit, so that the divisions may not be too close, to- 
gether. The arches or limbs of the largest astronomical qua- 
drants and circles are divided into intervals of 5 minutes. But 
the measure of an angle can be obtained with great precision by 
the assistance of ingenious contrivances, that will be noticed here- 
af^r. The most improved instruments are thus adapted to mea- 
sure angles to seconds. In general, with the best instruments, 
the result of a single observation can now be depended on to a 
very few seconds, and in many cases to one second. 

5. l^et us return to the consideration of the visible concave 
surface of the heavens. The intersection of the plane of the 
horizon, with the imagimu^ concave surface, is a great circle, 



■M. Laplace, ID his great work, eatitl«il "Mecaaique celeste," uies thedeci- 

mn] division. In ttie new tables oF ihe aun and mooa, published b; the Bmai of 
Longitude Lo Frauce, 1806, the sesagesiraal diviaion ia used. In the tables of 
Jupiter and Saturn, since published hy theiu, the decimal division is used. These 
are among the most important astronomical publications that have ever appeared. 
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which may be called the celestial horizon. A plumb line bang- 
ing freely and at rest, is perpendicular to the plane of the hori* 
zon, Bud a small fluid surtace at rest is in th e plane^ thehori- /.' 
sron. Xhese two circumstances are of the utmost importance to 
the practical astronomer. The impossibility of, having, exceiit 
at sea, an uninterrupted view, and other causes, make it dillicult 
for him to use the horizon itself, but the plumb line and fluid 
surface fully compensate for these inconveniences. 

The altitude of a celestial object is its distance froi 
horiz<m, measured, on a great circle passing through the object, 
and at right angles to the horizon. Such a circle is called a se- 
condary to the horizon ; a great circle at right angles to another 
great' circle, being called a secondary circle. And the zenith 
distemce of a celestial object is its distance from the upper pole 
of the horizon, which is called the zenith. By the assbtance of 
a plumb line and quadrant, the altitude or zenith distance may 
be readily found. Let ACQ (Fig. 1.) be an astronomical qua- 
drant, the arch AQ of which is divided into degrees, &c., Iho 
radius AC is adjusted perpendicular to the horizon, by turning 
the quadrant about the point C, till a plumb line, suspended 
from C, passes over a point A. llie radius CQ is then hori- 
zontal. A moveable mdius or uidex CT is placed in the direc- 
tion CO of the object, by means of plain sights at the extremi- 
ties of the radius C and T (now rarely used), or by means of a 
telescope affixed to the radius. The arch TQ will then shew 
the altitude, for TCQ equals HCO the altitude; and tlic 
arch TA will shew the zenith distance, for ACT equals OCZ 
the zenith distance. The method of observing altitudes will be 
more accurately described hereafter : it was tliought necessary 
to advert to it here ; and also to mention how an angular dis- 
tance on the concave surface may be measured. jw 

A circle HABG (Fig. 2) divided into degrees, &c., fut- 
nished with a fixed radius AC, and a moveable radius BC, he- 
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ing placed in the plane passing through two objects and the eye, 
the circle may be turned till the fixed radius AC passes through 
one object, and then the moveable radius BC being made to 
pass through the other, the arch AB will shew the angular dis- 
tance. This method is now. rarely used. The angular distance 
of two objects when required, is seldom directly observed, on 
account of the inconvenience of adjusting the plane of the in- 
strument, and the two radii, to two objects, both of which per- 
haps are moving, and with different motions. Therefore, in 
this way, great accuracy cannot be attuned : but the conception 
of this method, although inaccurate, will be useful in what fol- 
J lows. When an angular distance on the concave surface is re- 
: quired, it is generally obtained by computation from other ob- 
servations, e. g. from the declinations and right ascensions {to 
be explained hereafter). In one instance, indeed, in the lunar 
method of finding the longitude, it is necessary to observe, with 
great precision, the distance of the moon from the sun or a fixed 
star. This is done in a manner hereafter described, by an 
Hadley's sextant, an invaluable instrument for the purpose. By 
this instrument also the angular distmice between any two ob- 
jects may be measured. 

6. To explain the phenomena of the apparent diurnal mo- 
tions of the celestial bodies, we imagine an hemisphere below 
our horizon, and in it a point diametrically oppoate to the north 
pole, which we call the south celestial pole ; we also imagine 
that the concave surface turns uniformly on an axis, called the 
axis of the world, passing through the nortli and south poles, 
completing its revolution in the space of 23'' .56" neariy, carrying 
with it the sun, moon, and stars, while the horizon remains at 
rest. 

This hj-pothesis illustrates and represents the apparent diur- 
nal motion of the several celestial objects in parallel circles, with 
an equable motion, each completing its circular path in the same 
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time. That the motion of each star is equable, and that they 
describe parallel circles on the concave surface, we deduce from 
observation and the computations of spherical trigonometry. 
This will be readily understood from what follows. 

The great circle, the plane of which is at right angles to the 
axis of the world, is called the Eqvator. This circle is bisected 
by the horizon, and therefore all celestial bodies situated in it 
are, during equal times, above and below the horizon ; conse- 
quently when the sun is in this circle, day and night are of equal 
length, whence it is also called the equinoctial. 

This representation of the diurnal motion, by the motion of 
a sphere about an axis inclined to a plane representing the 
horizon, on which spltere the celestial bodies are placed at their 
proper angular distances^ must have been among the first steps 
in astronomy. Yet in the infancy of the science, doubtless, a 
considerable time elapsed before it was known tliat the diurnal 
paths of the stars were parallel circles, described with an equa- 
ble motion. Without iliis, little progress indeed could have 
been made. It is likely that at first it was little more than an 
hypothesis, in some degree confirmed by the construction of a 
sphere, to represent by its motion the celestial diurnal motions ; 
for its confirmation, by the application of spherical trigonome- 
try, seems to require a greater knowledge than we can suppose 
then existed. 

This diurnal motion, we now know, is only apparent, and 
arises from the rotation of the earth about an axis, by which the 
horizon of the spectator revolves, successively uncovering, as it 
-mete, the celestial bodies, while the circles of the sphere are at 
rest. But the phenomena are the same, whether the horizon is 
at rest and the Imaginary sphere revolves, or the horizon re- 
volves and the imaginary sphere is at rest By conceiving the 
sphere to revolve and the horizon to be at rest, the [^enomena 
are more easily represented. Three centuries since, this appa- 
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rent diurnal motion was generally considered to be real ; anil- 
had we not the knowledge derived from navigation^ and the 
communication of observationB made in distant countries, we 
might still contend for the truth of it Now we only imagine it, 
for more readily explidning the phenomena of the sphere and 
the circles thereof. 

7. Circles of the sphere. — Secondaries' to the equator are 
called circles of declination, because the arc of the secondary, 
intercepted between an object and the eqoator, is called its de~ 
clitiation north or south, according as the object is cm the north 
or south side of the equator. 

The great circle passing through the pole and the zenith, is 
called the meridian. Thb circle is at right angles, or a se- 
condary, both to the horiam and equator. It is easy to see that 
it divides the visible concave surface into two parts, eastern and 
western, in every respect similarly situate as to the pole and pa- 
rallel circles. The eastern parts of the parallel diurnal circles 
being equal to the western, and the motions equable, the times 
of ascent from the horizon to the meridian,'' are equa\ to the 
times of descent from the meridian to the horizon. 

In (Fig. 3) the circle HFKOGW represents the horizon, , 
ihs centre C of which is the place of the spectator. The part 



' A common c«le>tial globe, or enn a referaoce ta the concave auiface itself, 
will much bettei auiat the conceplion of the circle* of the aphere, than figures 
dravrn on a plane larface, which aie rather apt lo mislead a beginner. The hori- 
zon of the globe mnit be coaudered ai continued to pais through the centre, where 
the eje ii supposed utuale viewing the hemisphere above the horiion, and tlie aiis 
of the globe is to be placed at the same elcration, ib the axis of tbe concave bui- 
face of the speclator. In this waj all the circles of the celestial sphere will be 
easily understood. .\ny consideration of the form of the earth is entirely foreign 
to a knowledge of the circleB of the Bphere. They were originally Invented wilh- 
oul any reference lo or knowledge of it. 

''Vide Appendix, frop. 1. 
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of the figure above this circle represraits the visible concave sur- 
face ; and the part below, the invisible, Z is the zenith ; P tlie 
visible, and R the invisible pole. PZEHRXQO is the meri- 
dian, EGQV the equator. AB a small circle parallel to the 
equator, FLW the visible portion of another parallel to the 
equator. A star, »tuate in AB, is continually above the hori- 
zon. A star in the equator is oa\y visible while in the part 
GEV equal to VQG. A star in FLW is only visible in the 
portion FLW above the horizon ; it rises at W, and sets at F, 
ZSK is a portion of a secondary to the horizon. SK istheallj- 
tudo of the point S, and SZ its zenith distance. PSD is a se- 
condary to the eqtiator, or a circle of declination, and DS the 
declination of the point S. 

A telescope being directed to any star, and the time noted 
by a dock, if the telescope remain fixed, the same star will again 
pass through it after an interval of 23'' SC" nearly. And the 
time of passing over the aperture of the telescope being the 
same to whatever part of the star's diurnal path the telescope is 
directed, proves the equable motion in that diurnal path. A 
telescope particularly ^tted up, and placed so as to be conve- 
. niently moved in the plane of the meridian, is of as much use in 
the practice of astronomy as the quadrant : it is called a transit 
instrument; its uses will be afterwards explained, as well as the 
metliod of finding the direction of the meridian. 

The tinfe of describing a diurnal circle by a star may be 
nearly ascertained, without a telescope, by suspending two plumb 
lines at two or three feet from each other, then observing when 
tlie star appears in the plane of the strmgs, noting the time by a 
clock well regulated : the same star will pass the plane again 
after 23'' 56"". An upright wall will serve for the same purpose. 
Vice versa, this method will serve to ascertain tlie rate of going 
of a clock. It may also be applied to ascertain the time of pas- 
sage over the meridian, by adjusting the plumb lines in the 
plane of the meridian. 
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Secondaries of the equator are also called hour circles, be- 
cause the arc of the equator, contained between any one of these 
circles and the meridian, shews the distance in time of that body 
from the meridian, the equator being divided into 24 hours. 

8, The meridian also passes through the nadir (the lower 
pole of the horizon). 

Secondaries of the horizon are called vertical circles. That 
vertical circle which intersects the meridian at right angles is 
called the prime vertical. 

It will help the conception of the student to consider the 
meridian and other verticals of the horizon as remaining at rest, 
while the sphere revolves, carrying the equator and other circles. 

The four points where the meridian and prime vertical inter- 
sect the horizon, are called the cardinal points. Those of the me- 
ridian, north and south; those ofthe prime vertical, east and west. 
The equator intersects the horizon in the east and west points 
(being poles ofthe meridian), and its inclination to the horizon 
equals the complement of the altitude" of the celestial pole. -^ 
The prime vertical also intersects the equator at the east and 
west points, and at an angle equal to the altitude of the pole. 

The azimvif^ of a celestial object is measured by an arc of 
the horizon, intercepted between the meridian and a vertical cir- 
cle passing through the object. Tn (Fig, 3) KO is the azimuth 
ofthe point S from the north. 

The altitude of a celestial object, being its distance from the 
horizon measured on a secondary of the horizon, is greatest wh^i 
the object is on the meridian. 

9. The path of the Sun traced on the surface of the imagi- 
nary celestial sphere, among the fixed stars, is a great circle. 



• The complement of the aumutb, oi the ate iQlercepted between (he prim 
vertical and Ilie vertical thraugh the object, is called the amjiUiudt. Ed. 
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which he moves over, in a direction from west to east. This 
circle is called the ecliptic, because eclipses take place when the 
moon, at the new and Ml, is in or near this circle. The appa- 
rent motion of the sun, in this circle, is not entirely uniform; 
the motion being contrary to the diurnal motion, the interval 
between two meridian passages of the sun is greater than that of 
the fixed stars, and by four minutes nearly. This interval, be- 
tween two passages of the sun over the meridian, is in its mean 
quantity called 24 hours, or a day. In 365 days, 6 hours and 
9 minutes, the sun appears to complete the ecliptic. The sea- 
sons are connected with the positions of the sun in the ecliptic. 
The period, therefore, of his motion, called a year, becomes one 
of the most important divisi<»is of time. 

10. The moon completes her course among the fixed stars, 
by a motion from west to east, in 27 days 7 hours, returning 
nevly to the same place. Its appu«nt path is nearly a great 
circle, intersecting the ecliptic at an angle of about five degrees. 
Its motion also being contrary to the diurnal motion, the interval 
between its successive passages or transits over the meridian is 
greater than that of the fixed stars, and by 52 minutes, in its 
mean quantity. The moon is said to be in opposition to the 
sun, when near that part of the ecliptic opposite to the sun. 
The interval between two oppositions is nearly 30 days, and at 
each opposition the moon shines with a hill {Jiase. The use, in 
civil life, of this striking phenomenon, makes another important 
division of time, which is called a rmmih. 

1 1. The ecliptic necessarily intersects the equator, each be- 
ing a great circle. The angle of intersection is nearly 23° 38'. 
The circumstance of the inclination, or obliquity of the eclip- 
tic to tfie equator, explains the change of seasons. The true 
cause .of the appearance of the obliquity of the ecliptic to the 
equator, will be afterwards shewn. If the ecliptic coincided | ' 
with the equator, the sun would always rise and set in the easti 
and west points, would always be at the same altitude when on 
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\ the meridian, and would be absent and pres^it during equal 
, spaces of time. Now the effect of the sun, with respect to heat, 
depends upon the time of his continuance above the horizon, 
and tlie greatest altitude to which he rises ; tlierefore, if he 
moved in the equator, no alteration would take place, because 
these would be the same every day. But the ecliptic being in- 
clined to the equator, when the sun is in that part which is be- 
tween our visible pole and the equator, the greater part of each 
of the diurnal circles which he describes, is above our horizon, 
i. e. he is more thrni half the 24 hours above the horizon, and 
he passes the meridian beb^^en the equator and zenith. When 
southward of the equator, he is less than 12 hours above the ho- 
rizon. When he is in the points of intersection of the ecliptic 
and equator, he is just 12 hours above the horizon, and it is then 
equal day and night. This latter circumstance takes place on 
the 20lh of March and 23rd of September. 

The sun is in that part of the ecliptic nearest our visible pole 
about the 2lst of June, and then our days are longest, and in 
the part farthest from it on the 21st of December, when our 
days are shortest The sun is about eight days longer on the 
northern side of the ecliptic than on the southern, and hence 
summer is eight days longer than winter. The greatest heat is 
' not when the days are longest, but some time after, because the 
increase of heat during the day is greater than the decrease dur- 
ing the night, consequently heat must accumulate till the incre- 
ments and decrements are equal ; afterwards the decrease being 
greater than the increase, the heat will diminish. The same 
may be said with respect to cold. 

12. The two parallels to the equator, or parallels of decli- 
nation, touching the ecliptic, are called tropics or tropical cir- 
cles, because when the sun is in these points of tiie ecliptic, he 
turns his course, as it were, back again toward the equator. 
The points of the ecliptic of greatest declination, or the 
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tropical points, are celled solstices, because the sun appears sta- 
tionary, with respect to his approach to the poles. 

13. A belt or zone extending on each side of the ecliptic 
about 8° is called the zodiac, from ceri^n imaginary forms of 
animals conceived to be drawn in it, called signs of the zodiac. 
There are twelye signs, probably from there being twelve lunaticHis 
during the course of the sun in the ecliptic. These are Aries, 
Taurus, Gemini, Cancer, Leo, Virgo, Libra, Scorpio, Sagitta- 
rius, Capricornus, Aquarius, and Ksces, and denoted by Vj "it, 
n, ffi', £1, IR. ii) "l* t, »#> ;wi X- The reason of dis- 
tinguishing this space was, because the sun and planets were al- 
ways observed within ii These figures servedalso to distinguish 
flie position of the stars with respect to one another, and were 
therefore called the constellations of the zodiac The space of 
the zodiac has always been noticed from the earliest records of 
astronomy. Some of the planets lately discovered are not con- 
fmed to this space. One of them, Pallas, sometimes is distant 
above 62° from the ecliptic. 

The first six constellations, beginning with Aries, were for- 
merly on the northern side of the ecliptic, most probably when 
the description of the zodiac was first invented, and the six 
others on the southern. But by a comparison of observations 
made at a considerable interval from each other, it is found that 
the intersections of the ecliptic and equator move backward, in 
respect to the signs of the zodiac, the obliquity of the ecliptic 
remaining nearly the same. The equator moves on the eclip> 
tic, the ecliptic continuing to pass nearly through the same stan. 
ITie intersections or the equinoctial points move backward at 
the rate of 1" in Tlf years, and therefore, at present, the con- 
stellation Aries seems to be moved forward nearly 30° from the 
equinoctial point, yet astronomers still commence the twelve 
signs or divisions of tlie ecliptic at the equinoctial point, and 
name UiMnstter the constellations of the zodiac. This distinction 
ought to be attended to. 
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14. In the practice of astronomy, the most general and con- 
venient mediod of ascertaining the position of any celestial ob- 
ject on the concave surface, is to determine its portion with 
respect to the equator and vernal equinoctial point, that is, to 
determine its declination and right ascension. The right 
ascejmon of a celestial body is the arc of the equator inter- 
cepted, (reckoning according to the order of the signs), between 
the vernal equinoctial point, or the first point of Aries, and a 
secondary to the equator passing through the object. This is 
expressed both in time and space. Thus, if the arc intercepted 
be 15°, the right ascension may be said to be 15° or one hour, 
supposing the equator divided into twenty-four hours. The 
measure of twenty-four hours for the time of the diurnal revolu- 
tion of the fixed stars, or tlie celestial sphere, is called sidereal 
time. Hence the interval in sidereal time between the passages 
of two fixed stars over the meridian, is the same as the difference 
of their right ascensions expressed in time. 

The term, right ascension, originally had a reference to the 
rising of the celestial bodies. Now its use is much more cir- 
cumscribed, but much more important, and therefore it might 
have been better to have adopted another term for expressing 
the arc intercepted between a secondary to the equator pass- 
ing Qirough the celestial object, and the first point of the 
equator. 

15. The position of a celestial body, with respect to the 
equator, being ascertained, it is very often necessary to ascertain 
its position with respect to the ecliptic, i. e. to determine its 
longitude and latitude. This is done by spherical trigono- 
metry.' 

The longitude of a celestial object is measured by an arc 
of the ecliptic, intercepted between the first point of Aries 

• Vide Appendix, Piop. IV. 
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(reckoning according to the order of the dgns) and a secondary 
to the ecliptic passing through the object Its latitude is its 
distance from the ecliptic, measured on a secondary of the 
ecliptic passing through die object. 

16. The solstitial colure is a secondary to the equator pass- 
ing through the solstices, and is therefore also a secondary to 
the ecliptic. 

The equinoctial colure is a secondary to the equator, pass- 
ing through the equinoctial points. 
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CHAPTER II. 

FIXEDSTARS— TELESCOPES — APPEARANCE op STARS IN TELESCOPES. 

17. Let us now return to the consideration of the fixed 
stars. We observe about 3000 stars visible to the nakcU eye, 
very irregularly scattered over the concave surface of the hea- 
vens. There are seldom above 2000 visible at once, even on 
tlie most starry night. They are distinguished from the planets 
not only by preserving the same relative position to each other, 
but also by a tremulous motion or twinkling in their light, ap- 
parently arising from the effect of the atmosphere on the rays 
of light passing through it. 

For the convemency of arranging and referring to the diffe- 
rent stars, the method of constellations was invented by the an- 
cients. TTiey imagined a number of personages of their mytho- 
logy, also animals, &c. drawn on the concave surface, and in- 
cluding particular groups of stars ; these they called constella- 
tjons, and denominated the stars from the constellation in nhich 
they were, and from their situation in that constellation. I1iis 
method, though certainly useful, is not adequate to the purposes 
of astronomy in its present state, but for many obvious reasons 
it haa been retained. The stars do not form the figure of the 
constellation, except in a few assemblages which have a remote 
resemblance ; such are the Great Bear, the Hyades composing 
the Bull's head, &c. Some of the brighter fixed stars, and 
those more remarkable by thei^ position, had proper names as- 
signed to them, as Arcturus, Slrius, Alioth, Algol, &c. 
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18. Bayer, who published a celestial atlas in the year 1603, 
much facilitated the arrangement of the fixed stars. He marked 
those in each constellation by the letters of the Greek alphabet, 
according to their then degrees of brightness.' 'Die stars are 
also divided according to their apparent brightness into magni- 
tudes. The brightest are of the first magnitude, and so on to 
the sixth, the least magnitude viable to the naked eye. lliere 
are eleven stars of the first magnitude ui the portion of the con- 
cave surface visible to us, viz., Aldebaran, Capella, Rigel, n 
Ononis, Sinus, Regulus, Spica Virginis, Arcturus, Antares, a 
Lyree, and Famalhaut In the remaining portion of the con- 
cave surface there are six, viz., Achemar, Canopus, ^ ArgAs, a 
Crucis, a and |3 Centaun. There are about 50 of the second 
magnitude, and about 120 of the third magnitude, visible 
to us. 

Some assemblages of die stars are more remarkable than 
others; such are the Pleiades, Hyades, Cassaoptea's chair, and 
the great Bear. The eye unassisted by a telescope, remarks 
also a very considerable irregular tummous belt called the 
milky way. Likewise other small luminous spots, called from 
tiieir appearance nebulie, viz. Praesepe, nebulae in Perseus, in 
the girdle of Andromeda, &c. By the asnstance of telescopes, 
we find that the number of the fixed stars is greater than can be 
ascertained ; the number of those visible to the naked eye be- 
ing incomparably smaller than of those which are only visible 
by the help of telescopes. 

19. The theory of telescopes properly belongs to the science 
of optics, and therefore a very short account of theu- effects, and 
of die improvements that have, from time to time, been made in 
them, is all that is necessary here. 

* Tfa« conaUllatioD called tha Greit Beti ii >u exceptioa, in it the principal 
■tus Me mariwd in tht order of Iheii right aiceniiani. 
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The MSB of telescopes is to magnify objects, or to present 
their images under a larger angle than the objects themselves 
subtend ; and likewise to render objects visible that would 
otherwise be invisible. Telescopes for common astronomical 
purposes magniiy from 40 to 200 times, and for particular pur- 
poses from 200 to 1000 and upwards ; i. e. objects appear so 
much nearer than when seen by the naked eye, and their parts 
become more visible end distinct We ere enabled by a teles- 
cope which magnifies 100 times to behold the moon the same as 
we should if placed 100 times nearer than at present. A teles- 
cope magnifying a thousand times, will exhibit the moon as we 
should behold it could we approach within 240 miles of it. 
Thus, although we cannot actually approach the moon at plea- 
sure, we can form an image of the moon, and approach this 
image at pleasure, and so make the image subtend a greater 
angle than the moon itself. We can magnify the image by help 
of a simple microscope, as we can magnify any minute object 
This is the principle of the common telescope. TTie object 
glass forms an image of the moon, and we magnify this image 
by help of the eye glass, which ,may be considered as a mi- 
croscope. 

20. Telescopes were accidentally invented at Middleburgh, 
in Holland, about the year 1609. There is no foundation for 
supposing them known earlier, although the single lens had been 
in use forspectacle glasses since the beginning of the 14th cen- 
tury. Galileo, hearing of their effects, soon discovered their 
construction, and applied them to astronomical purposes, trom 
whence a new *ra may be dated in astronomy. After some 
trials, Galileo made a telescope which magnified upward of 30 
times, and with this instrument, so inferior in power to modem 
telescopes, he made most important discoveries. ■ In little more 
than a year he had observed the nebula of Orion, the telescopic 
stars in the Pleiades and inFreesepe,had discovered the satellites 
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of Jupiter, very accurately decribed the face of the moon, and 
computed the height of some lunar mountains, obseiTed an ex- 
traordinary appearance in Saturn, occaaoned by the ring, nhieh 
his telescope could not clearly shew, «id had observed phases 
in Venus similar to the phases of the moon. 

Notnithstanding the importance of the telescope, it vras hut 
slowly improved. Telescopes admitting of a high magnifying 
power were of a very inconvenient length. A high magnifying 
power could not be obtained by a short telescope, without ren- 
dering the image indistinct by colour. The ardour and indus- 
try of the astronomers of the latter end of Ak 17th century 
overcame this difficulty, by using telescopes without tubes. 
They affixed the object glass to the top of a pole, directing it 
by means of a long string, so as to throw the image into its pro- 
per place. Huyghens particularly distinguished himself by im- 
portant discoveries with this inconvenient kind of telescope, 
which has been called the aerUU telescope. The discoveries of 
Sir Isaac Newton, respecting light, induced astronomers to de- 
sist from endeavouring to improve refracting telescopes, and to 
aim at perfecting reflecting ones. Soon after the discovery of 
tile telescope, it was suggested that the image of the object 
might be formed by reflection instead of refraction ; but as no 
particular advantage could be shewn to arise from this altera- 
tion, it does not seem to have been attended to, till James Gre- 
gory proposed the construction of a reflecting telescope which 
goes by his name. He intended by this construction to obviate 
the errors of the object glasses of the common telescope, armng 
from their being necessarily ground of a spherical form. The 
discoveries of Newton on light shewed these errors to be com- 
paratively of trifling consequence. Newton himself, as soon as 
his experiments on light had shewn him ihe true obstacle to the 
im|8ovement of refractmg telescopes, invented and executed a 
reflecting telescope, which goes by his name. His construction 
c2 
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is better adapted to many purposes in astronomy than that of 
Gregory, although for common puqrases Gregory's may be con- 
sidered most convenient. 

Manyjinconveniences attended the construction and execu- 
tion of reflecting telescopes. When made, they were liable to 
tamiiib, and to change their figure, an error in which is of much 
greater consequence than in refractors. Thus much fewer ad- 
vantages were derived from reflecting telescopes than had been 
expected. And the improvement of telescopes seemed at a 
stand, when, in the year 1757, a discovery of Mr. Dolland, an 
optician in London, gave hopes of improving them far beyond 
what had been hitherto done. He discovered that by a combi- 
nation of lenses of flint ^ass and crown glass, he could form an 
image free from colour. This enabled him to make telescopes, 
admitting of high magnifying powers, of a very convenient 
length. Iliese telescopes, called achromatic, are now in com- 
mon use, and fitted to those astronomical instruments by which 
angles are measured. Expectations were formed of being able 
to increase the breadth of the object glasses, to admit of very 
high magnifying powers, without lengthening the telescope so as 
to be inconvaiient ; but this was prevrated by the nature of flint 
glass. This cannot be obtained fit for the purpose of teles- 
copes, except in onall portions of surface. It does not appear 
that we can do more by achromatic telescopes, than astrono- 
mers at the end of the 17th century did by telescopes without 
tubes, if so much ; and achromatic telescopes, although an inva- 
luable improvement by reducing the length of telescopes, have 
not discovered to us more in the heavens than had been seen a 
century before. 

21. Under these drcumstances, the very ingenious and inde- 
fatigable Dr. Hefschel set himself to improve reflecting teles- 
copes, in which he has been highly suceessful. His reflectors 
are of the Newtonian kind. After repeated attempts he suc- 
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ceeded iii making one 20 feet long and 18 inches aperture. 
The great breadth of the aperture increased so much the bright- 
aes3 of the image, that he nas enabled, with great convenience, 
to use very high magniiying powers. At last he attempted and 
executed one 40 feet in length and of 4 feet aperture. A most 
surprising performance, when the labour and difficulty of casting 
and polishing the metal speculum, the obstacles he had to con- 
tend with in the weight, and in the apparatus for moving it, are 
considered. A iull account of this telescope, by Dr. Herschel 
himself, i» given in the Phil. IVans. for 1795. 

"Die discoveries of Dr. Herschel will be mentioned in their 
places. In the mean time it may be remarked, in order to form 
some idea of the effect of telescopes, when applied to the celes- 
tial bodies, that the reflector <^ the 40 feet telescope forms an 
image of the ring of Saturn, about -j^ of an inch in diameter ; 
we are enabled to magnify this by the eye glass, in the same 
manner as we can magnify an object -^-^ of an inch in breadth 
by a common microscope. 

22. ITie appearance of the stars seen in a telescope, is very 
diflerent from that of the planets. The latter are ma^ified, and 
shew a visible disc. The stars appear with an increased lustre : 
but with no disc. Some of the brighter fixed stars appear 
most beautifiil objects, from the vivid light they exhibit. Dr. 
Herschel tells us, that the brightness of the fixed stars of the 
first m^initude, when seen in his largest telescope, is too great 
for the eye to bear. When the star Sirius was about to enter the 
telescope, the light was equal to that on the approach of sun 
rise,- and upon entering the telescope, the star appeared in all 
the splendour of the rising sun, so that it was impossible to be- 
hold it without pain to the eye. 

The apparent diameter of a fixed star is only a deception 
arising from the imperfections of the telescope. The brighter 
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stars appear sometiines in bad telesoqies to subtend an an^ of 
several seconds, and this has led astronomers into mistakes res- 
pecting their aj^Micnt diameters. The more perfect the teles- 
cope, the less this iiiadiation of light We know certainly that 
some of the brighter fixed stars do not subtend eid an^e of 1", 
from tbe circumstance of their instantly disappearing, on the ap- 
proach of the daik edge crf'the mooa. Dr. Herschel attempted 
to measure the diameter of <i Lyne, and imagineditto be about 
^ of a second. 

33. Although (he superior light of the sun e&ces that of 
tbe stars, yet by the asnstaoce of telescopes we can obs^re the 
brighter stars at any time of the day. The aperture of ^ te- 
lescope collects the light of the star, so that the tight received 
by the eye is greater than when the eye is unasked. The 
darkness in the tube of the telesc(^ also in some i 



The most inferior telescope will discover stars that escape 
the unassisted sight. By the telescope we discover that the 
milky way, and some of the nebulae aboTe-mentioned, con^ of 
very numerous small stars. Others, even in the best telescopes. 



* It app«an b; the principles of optic*, tint when an object ii aeen thiongh 
a leleieope, the denaitj of the light on the retina muil be alwaji leu than when 
the object ii seen by the naked eye ; but the qnintity of light in the whole image 
maybe much gieater inthe former cue than in the Utter. Aadit ii certain that 
our power ol seeing the object with diitinctneu, depends on the qnanlity of light 
in the whole image. Dr.Ueiichel, in a valuable paper in the Phil. Trans. 1800, 
part I. on the power of penetrating into space, usei tbe lenni aSwlmi trjgMiuw 
and jnlrjniic brighintu, tbe former to diitingaiih the whole qoantily of light in 
tbe image on the retina, and tbe latter to diatingiuah its density. He gives 
an intlance in which the absolute btigblness was increased 1500 times in a 
telescope, and the intrinsic biigblness was less (ban to the naked eye in (he pro. 
portion of 3 to 7. 
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appear still aa small luminous clouds- There is a very remark- 
able one in the constellation of Orion, which the best telescopes 
shew as a spot uniformly bright. It is a singular and beautiful 
}dienomenon. So great is the number of telescopic stars in some 
ports of the milky way, that Dr. Herschel observed 588 stars in 
his telescope at the same time, and they continued equally nu- 
merous for a quarter of an hour. In a space about 10 degrees 
long, and 2g degrees wide, he computed there were 258000 
stars. Phil. Trans. 1795. 

24. The most ancient catalogue of the fixed stars is that of 
Hipparchus, who observed at Alexandria about 150 fi. C. His 
catalogue consists of 1022 stars. Although several celebrated 
astronomers, as Tycho Brahe, &c. employed themselves in more 
accurately observing the places of the fixed stars, yet the number 
was not much increased till the time of Flamstead, whose cata- 
logue, entiled the British Catalogue, appeared in 1725. It con- 
tains about 3000 stars visible to the naked eye, and was the re- 
sult of nearly 40 years labour. Later astronomers have ob- 
served, with greater accuracy, the places of some of these stars, 
parUcularly of those in and near the zodiac ; and very recently, 
M. Piazzi, of the Observatory at Palermo, in Sicily, has recom- 
pleted the whole catalogue. In 1802, M. Delalande published 
a wOTk entitled Hiatoire cilette Fran^aise, in which are obser- 
vations of 50000 stars, viz. of stars of the 6di magnitude not ob- 
served by Flamstead, and of telescopic stars of the 7th, 8th, and 
9th magnitudes. ITiey were mostly observed by his nephewj 
M. Lefran^ais Delalande, and furnish a lasting monument of 
his patience and industry. Great as is this number of stars of 
the above magnitudes, it would not be difficult to increase it 
considerably. 

25. Some stars appearing single to the naked eye, when ex- 
amined with a telescope appear double or treble, that is, con- 
sisting of two or three stars very close together : such are Castor, 
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a Herculis, the Pole Star, Ste. Seven hundred, not noticed be- 
fore, have been observed by Dr. Herschel. ITiey are particu- 
larly iisefid for trying and comparing the goodness of telescopes, 
because if the telescope do not give a well defined image, these 
stars will appear us one. In viewing these double stars a sm- 
gular phenomenon discovers itself, first noticed by Dr. Her- 
schel ; some of the double stars are of different colours, which, 
as the images are so near each other, cannot arise from any de- 
fect in the telescope, a Herculis is double, the larger red, the 
smaller blue ; t Lyrae is composed of four stars, three white and 
one red ; 7 Andromedte is double, the larger reddish white, the 
smaller a fine sky blue. Some single stars evidently differ in 
their colour. Aldebanui is red, Sirius brilliant white. 

From observations at difierent periods it appears considera- 
ble changes have taken place among the fixed stars. Stars have 
disappeared, and new mes have appear^. The most rema^a- 
ble new star recorded in history, was that which appeared in 
1572, in the chair of Cassiopsea. It was for a time brighter 
than Venus, and then seen at mid-day : it gradually diminished 
in lustre, and afler sixteen months disappeared. That the cir- 
cumstances of this star were faithhilly recorded we can have no 
doubt, since many different astronomers of eminence saw and de- 
scribed it. Cornelius Gemma viewed that part of the heavens 
on November 8, 1572, the sky being veryfclear, and saw it not. 
The next night it appeared vrith a splendor exceeding all the 
fixed stars, and scarcely less bright than Venus. Its colour 
was at first white and splendid, afterwards yellow, and in 
March, 1573, red and fiery like Mars or Aldebaran, in May 
of a pale livid colour, and then became fainter and fainter till 
it vanished. 

Another new star, little less remarkable, appeared in Oc- 
tober, 1604. It exceeded every fixed star in brightness, and 
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even appeared larger than Jupiter. Kepler wrote a dissertation 
upon it. 

Changes have also taken place In ibe lustre of the permanent 
stars ; )3 Aquilee is now considerably less bright than y. A 
small star near Curste raajoris is now probably more bright than 
formerly, from the circunostance of its being named Alcor, an 
Arabic word which imports sharp-sightedness in the person who 
could see it. It is now very visible. 

26. Several stars also change their lustre periodically; 
o Ceti, in a period of 333 days, varies from the 2nd to the 
6th magnitude. The most striking of all is Algol or ^ Persei. 
Mr. Goodricke has with great care determined its periodical 
variations. It is, when brightest, of the 2nd, and, when least, 
of the 4th magnitude J its period is only 2* 21**: it changes 
from the second to the fourth magnitude in 3^ hours, and back 
again in the same time, and so remains for the rest of the 3^ 21". 
Hiese singular appearances may be explained, by supposing the 
fixed star to be a body revolving on an axis, having ports of its 
surfiice not luminous./*"*-^"/'? ,"■' '"'"" '_'*i'' .A' ■""■ . 

27. The nmnber of nebuise is very considerable. Dr. Her- 
schel has discovered above 2000 : before his time only 103 were 
known. But far the greater part of these 3000 can be only 
seen with telescopes equal to his own. The vast quantity trf 
light obtained by his large speculums, renders his telescopes 
very useful for discoveries amcmg the fixed stars, for which lt|^t 
is the principal thing to be desired. He has given an account 
of several phenomena, which he calls nebulous stars, stars sur- 
rounded with a faint luminous atmosphere. He describes one 
observed Nov. 13, 1790. "A most singular phenomenon : a 
" star of the 8th mtagnitude, with a faint luminous atmosphere, 
" of a circular form, and of about 3' diameter ; the star is per- 
" fectly in the centre, and the atmosphere is so diluted, faint, 
" and equal throughout, that there can be no surmise of its con- 
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" bating of stars ; nor can there be a doubt of the evidwit con- 
" nection between the atmosphere and the star. Another star, 
" not much less in brightness, and in the same field with the 
" above, was perfectly free from any such appearance." Phil. 
Trans. 1791. 

Dr. Herschei has, with unwearied attention, exerted himself 
in examining and noting every thing remarkable in every part 
of the visible celestial surface, by a regular review, so that little 
can escape him. In consequence of his numerous discoveries, 
many very ingenious and magnificent ideas have occurred to him 
respecting the fixed stars and nehulie. 

28. Having given a short statement of the simple appear- 
ances of the bodies placed on the concave surface of the hea- 
vens, which are such, that they must strongly excite our curio- 
sity ; we may now leave the subject, and resume it after having 
stated the knowledge that observations and deductions from 
thence afford us, respecting the magnitudes, distances, and mo- 
tions of the sun, moon, and planets. Then returning again to 
the consideration of the fixed stars, and asdgning them their 
proper places in the universe, we shall discover what must fill 
our minds with astonisiunent and awe, and must raise in us the 
greatest admiration of the Almighty Creator. That which has 
hitherto been stated, regards only what a spectator fixed to one 
spot might discover. It is only by a change of place, or by 
comparing the observations made at places distant from each 
other, that we can readily arrive at a knowledge of the real dis- 
tances and real motions of the celestial bodies. An isolated 
observer, however he might be gratified by the spectacle of the 
heavens on a fine evening, would be able to discover little of 
what, when the true circumstances are known, add so much to 
the wonderful variety we observe In terrestrial matters, of the 
Creator's power. He would only barely discover tliat the sun, 
moon, and planets were>at different distances from the earth. 
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He would also be able to form hypotheses to exfdain their mo- 
tions, but few of those would he be enabled to submit to the 
teat of experience. Previously to this it would be necessary to 
investigate the figure and dimensions of the earth upon which 
he lives. This knowledge is obtuned from the phenomoia 
which arise from a change of place. 



byGoogIc 



ELEMBIKTS OF ASTRONOMY. [cHAP. III. 



CHAPTER III. 



PIICNOUBNA DEPENDING ON A CHANGE OF PLACE, AND ON THE 
FIGURE OF THE EARTH. 

29. A SPECTATOR, without changing his situation on the 
earth, would soon discover that the celestial bodies are not all 
placed on the concave surface ai fixed distances fnnn him ; for 
he would remark that the sun, moon, and planets roried their 
apparent magnitudes or diametei^, which must arise either from 
changes of distance, or changes in the actual magnitudes of 
the bodies. The former solution is so much simpler than the 
latter, that no one could hesitate in adopting it, even if not con- 
firmed by other circumstances. likewise that the heavenly 
bodies are not placed at equal distances from him. It was re- 
marked that the apparent paths of the sun and moon intersected 
each other. When they appear to meet at these intersections, 
flie moon is observed to obscure or eclipse the sun, consequently 
the moon must be nearer than the sun. But to proceed in the 
investigation of these distances, it will, as was observed, be ne- 
cessary to become acquainted with the form of the earth on 
which vre live. 

30. A spectator placed on the sea, or on a plain, where his 
view is unobstructed, at first con«ders the surface as a plane co- 
inciding with his horizon, and extended to the concave suriace 
of the celestial sphere. But it is immediately suggested to him, 
that the surface of the earth is not flat or coincident with his 
horizon, for on the sea he perceives the Cbps of the masts to dis- 
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appear last, and on the plain lie observes 'the tops of distant 
objects, when the bottoms are iiiTisible. This cannot be ex- 
plained otherwise than by a curvature on tlie earth's surface. 
The voyages of modem navigators have put this matter in the 
clearest light ; for, by continued sailing to the eastward or west- • 
ward, they have arrived again at the port from wluch they set out. 
This has been done in different courses on tlie surface, so that 
thereby traversing the earUi, they have ascertained its surface 
to be a curved surface returning into itself. Eclipses of the 
moon serve to point out that the figure of the earth must be 
nearly spherical, for the boundary of the earth's shadow seen on 
the moon always appears circular, which could not always be 
the case, unless t^e earth were nearly a sphere. 

31. The magnitude of {he earth is next to be considered; 
previously to which it is necessary to remark, that however dis- 
tant two places on the earth's surface are, the angular distances 
of the same stars visible in each place are precisely the same; 
from whence it follows, that the distances of the fixed sttws are 
so great, that each inhabitant of the earth, in re£^>ect to them, 
considers himself in the centre of the same imaginary sphere; 
or that all lines drawn from the surface of the earth to any star, 
may be considered as parallel at the surface of the earth ; forthe 
inclination of the lines drawn from any two places towards the 
same star, is less ihaa can be measured, and therefore for all 
purposes they must be considered as parallel. 

32. Every spectator also observes the same celestial pole 
and equator, that is, situate the same with respect to the fixed 
stars ; but the situation of the celestial circles with respect to 
the horizon will be dilTerenL The meridian altitudes of the 
celestial objects will be different in different places, and the 
altitude of the north celestial pole will be increased or dimi- 
nished, according as an observer travels north or south. Actual 
admeasurement shews, that the space gone over in a direction 
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north or south, is very nearly proportional to the variation of 
the altitude of the celestial pole. Measurements shewing this 
have been made in I^apland, Holland, England, Germany, 
France, Italy, at the Cape of Good Hope, Hindostan, and in 
North and South America. 

33. From hence it is proved that the earth is nearly a sphere, 
by which is explained the phenomenon of the variation of alti- 

j tude of the pole, being proportional to the space gone over in a 
direction north or south. 

I^t (he circle LCS (Fig 4) represent a section of the eartli, 
on the plane of a celestial meridian. LR a section of the hori- 
zon of the place L, SO of the place S. LP and SP lines drawn 
in the direction of the celestial pole, which are therefore parallel, 
(Art. 31 and 32). Produce SO to meet LR and IJ», in H and 
B. Now FSO = PBO, and PBO - PLR = LHB = C, there- 
fore P^O— PLR = C. But C varies as LS, consequently the 
difierence of the elevations of the pole at Lwid S varies as LS. 
Experiment shewing this to be nearly so, it follows that the 
earth ia nearly a sphere. It is also proved by navigators, in 
distant voyages, making their computations of the distances 
sailed, upon the supposition that the earth is a sphere, and the 
result nearly agreeing with the distances ascertained by the rate 
of sailing deduced by the log-line. 

34. The measure of a degree on the earth's surface is * 69 { 
British miles nearly, diat is, if the difference of PLR and P'SO 
be 1°, the distance LS = 69^ miles, and therefore 360° or the 
circumference of the earth =35000 miles nearly. Hence the 
diameter, which is somewhat less than ^ of the circumference = 



■ The nwthod of meuDiiiig t.dei;r«e it kftenraids explained ia the applicalioD 
of astroDomj lo geography, by which it is Tonad that the earth is doI eiactly a 
sphere, its eqnaloreal diameter being about 25 miles longer than Ibe polar, accord* 
iag to the laletl reaulti. 



byGoogIc 



CHAP. lit.] earth's figure AND MAGNITUDE. 31 

8000 miles nearly. A vast magnitude, when measured byoiir 
ideas, but almost nothing when compared with other bodies, the 
existence of which, in the universe, we are enabled to ascertain. 

35. It cannot now be determined how long the knowledge 
of the spherical figure of the earth has existed, but j ust ideas of 
it were early entertained. Above 2000 years ago it was com- 
monly known among astronomers. Indeed it must have been 
discovered in the very infancy of astronomy. It pliunly ap- 
peared that the eclipses of the moon were occasioned by the in- 
tervention of the earth, and the termination of the ^dow must 
soon have pointed out to them the form of the earth. The mea- 
sure given by Aristotle is the earliest upon record, who reports 
it from more ancient authors. Kratosthenes, who observed at 
Alexandria, «id died 194 B. C made use of a method for 
measuring the earth susceptible of great accuracy. The result 
of his measurement has come down to us ; but from tiie uncer- 
tainty of the length of the stadium used, it has been supposed 
that we are unable now to appreciate the accuracy of tlie ancient 
measurements. Although the sj^erical figure of the earth was 
universally acknowledged among the astronomers, yet the exist- 
ence of antipodes was long denied. 

36. That diameter of the earth, parallel to the imagina- 
ry celestial axis, is called the axis of the earth, and this is 
properly so called, because, as will be shewn, tlie earth actually 
turns upon this axis, thereby causing the apparent diumal mo- 
tion of the concave surface. 

The great circle of the earth, the pl^e of which is perpen- 
dicular to its axis, is called the tmrestrial equator. Circles are 
also conceived to be drawn on the earth, corresponding to the 
imaginary circles in the heavens. The secondary of the terres- 
trial equator passing through any place, is called the tenestruU 
meridian of that place. The arc of the meridian intercepted 
betiveen the place and the equator, is called the latitude of the 
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place, and the are of the equator intercepted between the meri- 
dian or any place and some one given meridian, is called the 
longitude of that place, and is reckoned ISO" to the eastward 
or westward. 

37. The British reckon their longitudes from the Observa- 
tory of Greenwich ; the_ French from Paris, &c. When the 
Canary Islands were the most westerly lands known, the longi- 
tude was reckoned from the meridian of Ferro, one of those 
islands. The use of the latitude and lon^tude in fixing the 
position of a place on the surface of the earth, was first intro- 
duced by HipparchuH. 

It may be remarked here that the progress in astronomy 
was from the celestial cireles to terrestrial, and not the contrary. 

38. By passing to the southward of the terrestrial equator, 
we are enabled to behold the part of the celestial sphere near 
the south pole, which ts invisible to us the inhabitants of the 
northern hemisphere. The stars near the south pole have been 
divided into constellations. Dr. Halley and De La Caille went 
to the Cape of Good Hope, for the express purpose of observ- 
ing the southern hemisphere. 

39. The knowledge of the spherical figure of the earth ena- 
bles us readily to determine the poution of the circles of the 
sphere, with respect to the horizon of any place, the latitude of 
which is known. For, 

TJie (Utitude of the celestial pole at any place, is equal to 
the latitude of that place. 

Let SKLNQ and HO (Fig. 5) be sections of die earth and 
horizon, in the plane of the meridian of the place L, LP the j, 
direction of the celestial pole, parallel to the axis SN. ^ Then 
PLC = SCh, and therefore taking from each a right angle, 
PLO = ECL, the latitude of the place L. Art 36. 

40. Hence it will be easy to understand the changes of sea- 
sons over die whole earth. But it is necessary to premise that 
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all obserrers, who observe the sun at the same instant, refer it 
nearly to the same place in the celestial sphere. It will be 
shewn hereafter that the greatest difference of place is 17", and 
therefore we may consider (he sun as appearing to describe the 
same great circle to all the inhabitants of the earth. 

41. In all places having nortli latitude, the portions of the 
northern parallels of declination above the horizon will be 
greater than those below the horizon, and consequently when 
the sun is on the northern side of the celestial equator, the 
days will be longer than the nights; the portions of the south- 
ern circles of declination above the horizon will be less than 
those below it, and therefore when the s-jn is on the south- 
ern side of the celestial equator, the days will be shorter than 
the nights. The contrary will take place in southern la- 
titudes. 

For all places, except at the equator and poles, the sphere ^ 
(reference being had to the position of the parallels of de^ 
clination, with respect to the horizon) is called an oblique X 
sphere. 

42. At the equator the celestial poles are in the horizon, 
and hence the celestial equator and parallels of declination a 
all perpendicular to the horizon, and are bisected by it, and 
therefore at the equator all the heavenly bodies appear and / 
disappear during equal times. This position of the sphere is \ 
called a right sphere. 

43. At the terrestrial poles, the celesti^ poles appear in 
the zenith, and die celestial equator coincides with the horizon ; 
the parallels of declination are parallels (o the horizon. At / 
the nord) pole the southern parallels of declination are invisi^L" 
ble, therefore the sun is there invisible during six months?^ 
This position of the sphere is called a parallel sphere. 

The QrciHnstfmces mentioned in the three last articles fol- 
low from Art. 39- (Fig. 6) will illustrate what has been said of 
m oblique sphere ; (Fig 7), of b right sphere ; and (Fig. S) 
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of a parallel sphere. In these figures S and N r^resent die 
poles, EQ the equator, HO the horizon, and Dd Dd parallels 
of declination. The sphere is supposed to be viewed at right 
angles to the plane of the meridian, that is, all points to be 
transferred perpendicularly into the plane of the meridian. 

44. At places having 66^° northern latitude, the northern 
parallel of declination, which is 23^° from the equator,will just 
touch the horizon ; hence as the sun is in this parallel at the 
summer solstice, the inhabitants of these places that have 66^° 
north lat. will then observe the sun during 24 hours. The 
same takes place at the winter solstice for places having 66^° 
southern lat. 

45. The ancienla divided the globe into five principal zones. 
The zone extending 23^° on each side of the equator is called 
the torrid zone. The sun is always vertical to some place in 
this zone. The two zones between lat. 23^" and 66^° are called 
the temperate zones ,* the two zones about the poles are called 
the_^-^:Mi zoTtes. The parallel of latitude bounding the north- 
ern frigid zone ie called the m-etio circle, and that bounding the 
Boulhem, the antarctic. 

The parallel separating the torrid zone and northern tem- 
perate zone, is called the northern tropical circle ; the sun, 
^hen in the beginning of Cancer, is vertical to this circle. The 
parallel separatitig the southern temperate zone trom the torrid 
zone, is called the soudiem tropic : the sun when in the begin- 
ning of Capricorn is vertical to this. 

Tlie ancients also divided the globe into zones, the midtUe 
of each zone diflering half an hour in the length of their long- 
est day. From the small extent of their knowledge of the 
surface of the earth, they imagined that places in the same zone, 
which they called clmate, differed little in temperature. If so, 
many parts of Siberia ought to be of the same temperature as 
Ireland ; hence the propriety of disusmg the division of the 
globe into climates. 
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CHAPTER IV. 



ON REFRACTION ANt» TWILIGHT. 

46. Aa cminected with the earth, we may here consider its 
atmosphere, and how it aOects the apparent [daces of llie hea- 
venly bodies. We know, from the science of jmeumatics, that 
the air surrounding the earHi is an elastic fluid, the density of 
which is nearly proportional to the compressing force, or the 
weight of tlie incumbent air. Whence it follows thaHlie den- 
sity contmuaUy decreases, and at a few miles high becomes 
very small. Now a ray of light passing out of a rarer medium 
into a denser, is always bent out of its course toward the perpen- 
dicular to the surface, on which the rsy is incident It follows 
therefore that a ray of light must be eontmually bent in its 
course dirough the atmosphere, and describe a curve, the tan- 
gent to which curve, at the surface of the earth, is the direction 
in which the celestial object appears. Consequently the appa- 
rent altitude is always greater than the true, 

47. The refraction or deviation is greater, the greater the 
angle of incidence, and therefore greatest when ttie object is in 
^e horizon. Tlie horizontal refraction is about 32'. At 45° 
altitude, in its mean quimtity it is 51^". 

48. The refraction is affected by tlie variation of the quan- ■ 
tity or weight of the superincumbent atmosphere at a given 
place, and also by its temperature. In computing the quantity 
of refraction, the hei^t of the barometer and thermometer 
must be noted. The quantity of refraction at the sanie zenith 

p2 
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distance varies nearly as the height of the barometer, the tem- 
perature remaining constant Tlie effect of b variation of tem- 
perature is to dimiiuBh the quantity of refraction about ^^ part 
for every increase of one degree in the height of the thermo- 
meter. Tlierefore, in all accurate observations of altitude or 
zenith distance, the height of the barometer and thermometer 
must be attended to.* ° 

49. The refraction may be Found by observing the greatest 
L and least aldtude of a circumpolar star. The sum of these al- 
titudes diminished by the sum of the refractions correqranding 
to each altitude, is equal to twice the altitude of the pole : from 
whence, (if the altitude of the pole be otherwise known), 
the sum of the refractions will be had ; and from the law of va- 
riation ofreiraction, known by theory, the proper refraction to 
each altitude may be assigned. 

50. Otherwise, when the hdght of ttie pole is not known, 
the ingenious method of Dr. Bradley may h» followed, who ob- 
served the zenith distances of the sun at its greatest declinations, 
and the zenith distances of the pole star above and below the 
pole. The sum of these four quantities must be 180° dimi- 
nished by the sum of the four refractions ; hence he obtained 
the Bum of the four refractions, and then by theory apportioned 
the proper quantity of refraction to each zenith distance. In this 
manner he constructed his table of refractions." 



'Theorjshewi tbat, i*haleTGrbelh£t>wofch«ng;eof<IeDUly,ttiG viriatioa of 
tefiaclion i» a» the tanj^n t of the leDith dietancc, betireen Ihe t«nith and about 
T4° Moith diiUBC*. Ai greawr icaiih diitancei ve cannot >ppl]> tbeoi; to obtain 
the vuialioD of lefraction, because there the TWiation of the deaaitj of the air at 
diflerent heights will leosiblj affect the quanlitj of refraction, and the law of this 
variation is unknowD. 

*• The abject of the observBtioas in this and the preceding ailicle is to aaceTtaia 
Ihe eat^dtntt o[ refraction. If we suppose the refraction to vac; as the tangeot 
of IheKDithdistaDce theieis bnl one coefficient, which cun be (bus accocaleiy de- 
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51. The ancients made no allowance for lefraction, although 
it was in some measure known to Ptolemy, who lived in the se- 
cond century. He remarks a difference in the times of rising 
and setting of tlie stars in different states of the atmosphere.-— 
This however only shews that he was acquainted with a vai-ia- 
tjon of refraction, and not with the quantity of refraction 
its^f. Albazen, a Saracen astronomer of Spain, in the ninth 
century, first observed the different effects of refraction on the 
height of the same «tar above and below the pole. — Tycho 
Brahe, in the sixteenth century, first constructed a table of re- 
fractions. This was a very Imperfect one. 

52. As the atmosphere refracts light, it also reflects it, 
which is the cause of a considerable portion of the day-light we 
enjoy. After sun-set also the atmosphere reflects to us the light 
of the sun, and prevents us from being plunged imo instant 
darkness, upon the first absence of the sun. Repeated obser- 
vations shew tliat we enjoy some twilight, till the sun has de- . 
scended 18° below the horizon. From wh^ce it has been at- 
tempted to compute the height of the atmosphere, capable of 
reflecting rays of the gun suffiyent to reach us; but there is 
much uncertainty in the matter. If the rays come to us after 
one reflection, they are reflected from a height of about 40 miles; 
if after two, or three, or four, the heights will be twelve, five, 
and three miles. The computation requires the assignee of 



lermined. Lei the Uaith diataacea ofthe aunbt Sis' j andofth* star Z.Z'.theD by 
Bradley's method we have IBOl-sS + &+Z -|- Z'4- A . (tan.S-f-tan. S'-H tan. 
Z-{-tBii.Z'),if thecefrac^OD be lepreseoted by A. tao. lea.disL in general; heDce 
A can be determined exactly. SeeVeUmbK abregi d'Astronomie, p. 136. Ed. 

The lavesligalioa oflhe law of varialion o[ refractioa from theory, is much loo 
difficult to fiad a place in an elemeplaiy book. Kefetence may be had lo Simp- 
ton's Mathematical DisBertations ; Vince's Aatrouomy, chap. 7, p. 76 ; Laplaca's 
Mecaniqne celeste, torn, iv, p. 2G7, &c., Trans. R. Icish Academy, vol. lii. 
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the theory of terrestrial refractions. (See Professor Vince'a 
Astronomy, Art 306.) 

53. The duratitHi of twilight depends upon the latitude of 
the place and declination of the sun. The sun's depression be- 
ing 18° at the end of twilight, we have the three sides of a 
spherical triangle given to find an angle, viz. the sun's zenith 
distance (108"), the polar distance, and the complement of lati- 
tude, to find the hour angle from noon. At and near the equa- 
tor, the twilight is always short, the parallels of declination be- 
ing nearly at right angles to the horizon. At tlie poles the twi- 
light lasts for several months, at the nortli pole from 33nd Sep- 
tember to I2th November, and from 25th January to 20th 
March. When the difference between' the declination and 
complement of latitude o/' the game name is less than 18°, Gie 
twilight Ruts all night. 

54. Refraction is the cause of the oval figures which the sun 
and moon exhibit, when near the horizon. The upper limb is 
less refracted than the lower, by nearly five minutes, or ^ of the 
^whole diameter, while the diameter parallel to the horizon re- 
mains tlie same. The rays Jrom objects in the horizon pass 
through a greater space of a denser atmosphere than those in 
the zenith, hence they must appear less bright. According to 
Bougier, who made many experiments on light, they are 1300 
times fainter, whence it is not surprising that we can look upon 
the sun in the horizon without injuring the sight. 

55. Another striking phenomenon respecting the sun and 
moon in the horizon, must not be entirely passed over, although 
rather belonging to the science of optics, viz, their great appa- 
rent magnitudes. The cause of this undoubtedly ia the wrong 
judgment we form of their distances then, compared with their 



e exceeds the latilude by ■ qoaatitj' 1«m 
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distances when their altitudes are greater. In estimating their 
distances when in the horizon, we are led to judge them greater 
flian when considerably elevated, because of the variety of in- 
tervening objects which furnish ideas. The apparent diameters 
being nearly Uie same in both cases, we are apt to judge that 
object largest, the distance of which we conceive greatest. This 
esplanation is a very old one, being given by Alhazen in the ninth 
century. Roger Bacon, Kepler, Des Cartes, and others also, 
were of the same opinion. 



» 
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CHAPTER V. 

HICROUETEBS — DUUETERS AND DISTANCES OF THE SUN, MOON, 
AND PLANETS — SPOTS ON THE SUN AND PLANETS— ROTATION 
OF THE Sim AND PLANETS — MAGNITUDES OF THE SUN, MOON, 
AND PLANETS. 

56. Having attained to the knowledge of the magnitude 
and figure of the earth, we are enabled to extend our inquiries 
to the magnitudes and distances of the sun, moon, and planets. 
The present improved state of astronomical instruments fur- 
nishes means of making observations, by which we can obtain, 
with ctmsiderable precision, the magnitudes of the sun, moon, 
and planets, and ascertain the vastneas of the distances of some 
of them, relatively to the diameter of the earth: We can as- 
certain the angle two remote places on the surface of the earth 
subtend to a spectator at the sun, moon, or planets, and from 
thence deduce the angle the disc of the earth, when seen from 
any of these bodies, subtends. This angle can be obtiuned with 
the same accuracy as we can measure the apparent diameter of 
the disc of a planet. The method requires not the assistance of 
any theory of the arrangement of the celestial bodies, and there- 
fore enables us to use the mi^ificent truths it furnishes, in es- 
tablishing the true planetary system. The fixed stars appear, 
as was observed, precisely in the same position with respect to 
each other, in whatever part of the earth we are ; but the planets 
vary their position with respect to the neighbouring fixed stars, 
the angular distance of a planet from a neighbouring fixed star 
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appearing greater in one place than in another. It is from the 
difference of these angular distances that we obtain the angle 
which we should see the two places subtend, could we remove 
ourselves to the planet to make the observation. 

57. Let us proceed to consider this method more particu- 
larly, but first it may be proper to make a few remarks respect- 
ing the method of measuring small angles on the concave sur- 
face, and on the precision with which they can be measured. 

The diameters of the sun, moon, and planets, that is, the 
angles they subtend, can be measured with much accuracy, by 
measuring the diameters of ^eir images, formed by the object 
glass of the telescope. The image is measured by means of two 
parallel wires placed in the focus of the object glass. One of 
these wires is capable of being moved parallel to itself, so that 
the wiresmay be readily opened to touch the opposite sides of the 
image of a planet's disc, and the interval of the wires furnishes 
at once the apparent diameter of the planet, the scale being pre- 
viously settled by ascertaining the opening of the wires corres- 
ponding to a given angle. This is one of the simplest kinds of 
micrometers in its simplest state ; there are others which it is 
unnecessary to mention here. The above is sufficient to give an 
idea of the method of measuring small angles. Small angles 
can be measured with much more accuracy than large an^es. 
In measuring large angles the whole telescope is moveable. In 
micrometer measures, only the small apparatus of the wires is 
moveable, which can be executed with much greater nicety and 
exactness than the aggregate parts of a large instrument. Tlie 
parts ofthe micrometer have much greater stability than the parts 
of an instrument for measuring large angles. Small angles may 
be measured, by good instruments, with certainty, to less than 
1". The difference of declinations of two stars, having nearly 
the same declination, is also readily measured by moving tlie 
telescope, and tuning the system of wires, so that one of the 
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stare moves on the fixed wire, and then moving tiie other wire 
till (he o&er star moves along it Hiis may be readily done, 
even if the stars differ considerably in right ascension, but are 
so near in declination, that they are both successively seen to 
pass through the telescope while it remains fbted. 

If the stare dlflFer considerably m right asc^ision, (he 
quantity of refraction at each observation may be changed, on 

' account of the variation of the barometer and thermometer, and 
lat be allowed for ; but wheii they are near together they are 
both equally affected by refraction, and therefore no allowance 
is necessary, which is a considerable advantage. 

58. To.find the an^e two distant places, in the same terres- 
trial meridian, subtend at a planet l£t H and S (Fig. 9) be 

I two places, P a planet in the celestial meridian of these places. 
HF' and SF tfie directions in which the same fixed star, also in 
the meridian at the same time, is seen at the two places: The 
star made use of is supposed te be very nearly in the same pa* 
rallel of declination as the planet, that is, not differing in decli- 
nation more than a few minutes. Produce HP to meet SF in 
B : then because HF' and SF are parallel (Art. 31) HBS = 
BHF' : therefore HPS (= HBS + PSB) = F'HP -|-,PSF = / 
the sum of the apparent distances of the planet and star (the place 
of ttie phmet being supposed to be between (he parallels). 
These distances can be observed, as was said, with great accu- 
racy, by means of a micrometer. We have thus the {Hincipa) 
thing necessary to oiable u^^advance by a most import^ste^ 
^v\z> to obtain the angle the disc of the earth subtends, as seen 
from a planet.* 



■ Thii angle ta abUined in Ihe following maimer : 

Draw the lane^nW PO and PO', (Fig. 10). and Ihe OPO' ii the angle the 
eaith'i disc lubtends al the planel. Draw CHV and CSZ, C being Ihe centre of 
the eaith. produce PH and PS to meet OC and O'C in D and E, nod job P,C. 
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59. ITie Cape of Good Hope is nearly in the same meridian 
with many places in Europe, having observatories for astrono- 
mical purposes, and therefore a comparison of the observations 
made there, witli those made in Europe, furnishes us with a 
means of practising this method. By a comparison of the ob- 
servations of De In Caille, made at the Cape of Good Hopoj 
with those made at Greenwich, Paris, Bologna, Stockholm, and 
Upsal, the angles the earth's disc subtends at Mara and at the 
Moon, have been obtained with very corimderable preciMon. 
Comparisons of observations will also furnish the same for the 
sun and other planets. But it will be seen hereafter, that know- 
ing the angle the earth's disc subtends at any one planet, we can 
readily find it for the sun or any other planet 



Now for the sun aod planets the aagle HP3 is rerj small, ami even for the mooD ^. 
not coniiderable, and theiefore the diitance PC is great, compaied with OC..', 
Hence we ma; eonsider OC, CD, CE as proportional to the angles OPC CPH and 
. CPS, and therefore OPC : CPH + CPS(=ePS) ; : OC : CD -f- CE. But as 
the angles D and E are veij nearl; right angles, CD is the sine of the angle DHC 
( = PBV). and CB is the aioe of CSB(;=PSZ) to r»d. OC, Hence OC ; 
CD -1- CE : ; Kad. ! Bio. VHP + ain. P8Z and OPO'= 2 OPC = 2 HPSX 
Rad. 

the angles VHP and P3Z, or the lenilb dislaneei of the planet at the two placei. 
But it is not necessary that these angles should be observed with much fuacisea,' 
since it is easy to see that an error of even a few minatas, in the quantities of these 



That to obtain the angle OPCy it is oecenaiy to iinaw 



angles, will make no seniible error in the quintitj ^jn ygp j. ;„ pg^ - The 
above is on the luppodtions, 1st, that the staiasd planet are on the meridian to- 
gether : 2nd, that the two plsces are on the same leneatriiil meridian. IF thenar 
and pUntt are not on the meridian together, yet their difference of dechnalions 
being observed, it is the same as if there had been a star on the meridian with the 
planet. If the Itoo ptacti are not under the same meridian, an allowBoce muet be 
made for the planet's moiiaoe in the interval between its passages o<er the two 
meridians, aad we obtain the diffeicnce of declinations that would have been ob- 
served at two places under the same meridian. 
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60. Tlie method that has been described, yields only to one 
other method in point of accuracy ; viz. to that furnished by the 
transit of Venus over the 8uii*a disc, which will be particularized 
hereafter. The above is fully sufficient for the purposes for 
which it is given here ; which purposes are to enable us to com- 
pare the magnitudes of the sun and planets with that of the 
earth, and to shew the vast distances of some of them relatively 
to the diameter of the earth. 

The diameter of the earth when nearest to and seen from 
The Sun is 17" Juno "1 ■ „„ 

Mercury - 28" Vesta ) 

Venus - 63" Jupiter - 4" 

Mars - 42" Saturn - 2" 

Ceres "i _ „„ Georgium Sidus I" 

Pallas J The Moon 2" 2' 

A planet therefore appearing to us as small as the earth ap- 
pears to the inhabitants of Saturn and the Georgium Sidus, 
would not have been observed except by the assistance of the 
telescope. 

61. The Sun, Jupiter, Saturn, and Georgium- Sidus always 
appear witli discs nearly circular. 

TTie Moon, Mercury, Venus, and Mars exhibit variable ' 
discs J they however are always portions of circles. TTieir dia- 
meters may be measured with micrometers, and are found to be, 
when greatest, as follow : 



The Sun - 


1920" 


Jupiter 


- 40" 


Meroury - 


U" 


Saturn 


18" 


Venu, . 


57" 


Georgium 


Sidus 4* 


Mara 


26" 


The Moon 


1920" 


The new planets. 


according to the most careful trials ofDr 



Herschel, appear to subtend only a small part of a second. 

62. Hence we can compare the real diameters of these bo- 
dies with the diameter of the earth. For : — 
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diameter of planet : diameter of earth : : angle planet subtends 
at the earth : angle earth subtends from planet 

Whence calling the diameter of the earth unity, or 8000 
miles in round numbers, the diameter of 

Diam. of A Milea. 



The Sun is 


HI or 888(K)0 nearly. 


Mercury 


0,4 


3200 


Vemi. 


0,9 


7200 


Mars 


0,8 


6400 


Jupiter 


11 


88000 


Saturn 


10 


80000 


Georgium Sidus 


4 


32000 


The Moon - 


0,25 


2000 



The largest of the new planets is supposed by Dr. Herschel 
not to exceed 200 miles in diameter. 

63. The above method of obtaining the proportion of the 
diameter of a planet to that of the earth, admits of being re- 
peated at pleasure, not being affected by the variableness of the 
planet's distance, and therefore a mean of many results being 
taken, great accuracy can be attained to.* 

■ Kaowing (he angle the earth'i dice Bubtends at the eud oi a plaaet, we can 
ascertain the distiDce, because the angle in Becondn subtended by tbe earth : 206 
26S (tbe seconds in aic equal radius) : : diameter of the earth ; distance of Ihe 
plane! rrom the eartb. But a small error in the angle subtended b; the earth, 
will occasion a considerable error Id the diatanee, and therefore this method of u- 
certaioing the distance is not given, as affording much precision ; but it lervM 
sufficiently for shewing the vast distances of the sun and planets from the oarth, 
which is all that is neceisaij for oui purpose here. If the angle subtended at the 
sua by the earth be 17'^ the sun's distance from the earth is >»p= 13133 dia- 
melers of the earth, or 96 millions of miles marly. 

In like manner taking 4", 2", and !" for the angles subtended by the earth's 
disc at Jupiter, Saturn, and the Georgium Sidus, the disunces of these planets 
from the earth will be 51566, 103132, 206365 diameters of the earth respectively. 
Inlhismannei the mean distance of the moon from the earth is found to be about 
60 umiiiiameirrs of Ihe earth. 



( I 
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64. Having deduced the real magnitudes of the apparent 
circular discs, the next step is to shew that the sun and planets 
are spherical bodies. With respect to the Bun we are assisted 
by the considoation of its spots. By the help of telescopes we 
oflen observe, on the bright surface of the sun, dark spots of va- 
rious and irregular forms. These appear to move on the sur- 
face from east to west, and after arriving at the western edge 
disappear, and oiler a time again re-appear on the eastern edge. 
The times of appearance and disappearance ar» nearly equal, 
each being I3J days nearly. The deduction to be made from 
these circumstances is, that the spots are on the surface of the 
sun, for they cannot be bodies revolving about him, for then they 
would not appear on his surface, and disappear during equal 
times. The sun then must revolve on an axis carrying these 
spots with him, or these spots must move on his surface with 
such a motion as will account ipr the phenomena. The latter 
hypothesis is much more complicated than the former, for each 
spot separately must have such a motion given to it, as will 
solve the phenomena of its appearance and disappearance. TTie 
spots are not perman^t, but are observed to increase and de- 
crease, and at last cease to exist ; yet till their entire disap- 
pearance their apparent motions on the surface of the sun conti- 
nue the same, which makes it still more improbable that the mo- 
tion is in the spots themselves. 

65. Concluding then that the "feun revolves on an axis, we 
immediately deduce that it is a spherical body, for no revolving 
body but a sphere will always appear, at a distance, a circular 
disc. The motions of the spots shew that the sun revolves on 
an aids inclined to the ecliptic at an angle of 82°^, and that (he 
time of revolution is 25^ 10''. The process of computation is 
too long'-to insert here ; it is sufficient to observe that calcula- 
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tiona from the moti(ms of different spots give the »ante remit, so 
that it cannot be doubted that tlie sun*s rotation is tlie true cauae 
of the appearances we observe in the motions of the spots. 

66. Few spots have been observed &rther from the solar 
equator than 30 degrees. Not very unfrequ^itly there are spots 
in the sun so large that they may be seen by the naked eye, 
when the sky is covered with a thin haziness. A spot observed 
in April, 1779, by Dr. Herachel, measured i' 8" in diuneter, 
and was therefore above 30000 miles in diameter, because a 
spot of the same diameter as the earth would only subtend an 
agle of 17" (Art 60.) 

67. Various theories have been formed to explain the solar 
spots. Astronomers generally agree that the sun a on opaque 
body covered by a luminous fluid, and that changes in tlib fluid 
occaNOD the appearance of spots. Many disputes have taken 
place coi this subject little worth attendbg to, as all the hypo- 
theses hitherto offered seem to rest upon slight ibundations. 

68. As the spots are occasionally seen by the naked eye, it 
ia readily ocmceived diey may be easly seen by the help of the 
most indifferent telescopes: accordingly after the invention of 
that instrument they soon became objects of much notice. 
The first discovery of them is contended for.by Galileo, Schei- 
ner, and Harriot. Harriot observed thera in- England in 
December 1610, which was about tlie same time when Galileo 
mentions that he had observed them. It was not long after 
they were first discovered, that the inclination of the solar axis 
and time of revolution were ascertained. 

69. By the apparent motion c^ spots on the discs, as well as 
by other arguments to be mentioned hereafter, we know that the 
[daniets Venus, Mars, Jupiter, and Saturn, are spherical bodies, 
each revolving on an axis. 

Venus revolves in 23'' 30" Jupiter - - 9^ 52° 

Mars - - - 24 40 Saturn - - 10 16 
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The rotaHon of Satum was ascertained from observati(»i by Dr. 
Herschel. That of Venus by M, Schroeter, a celebrated Ger- 
man astronoiner. 

70. No appearances have been discovered in the other pla- 
nets suffici^it to determine their rotation, but it is highly proba- 
ble from analogy that they revolve on axes. But we have 
otherwise sufficient proof of their spherical form ; for if they were 
circular discs or hemispheres, it is highly improbable that, their 
motions among the fixed stars being so irregular as seen from 
the earth, they would always keep the same face turned toward 
it ; for the motions being observed to be sometimes direct, and 
sometiines retrograde, the planet, unless it be a sphencal body, 
must, to preserve the same circular appearance, have contrary 
motions about the same axis. 

71. The rotatitms of the sun and planets are all in the same 
direction. 

72. Hie sun and planets being spherical bodies, their mag- 
nitudes will be to that of the earth as the cubes of their diame- 
ters to the cube of the diameter of the earth ; whence calling the 
magnitude of the earth unity, the magnitude of 

The Sun is - 1367631 Jupiter - - 1281 

Mercury - 0,064 Satum - - 995 

Venus - - 0,72 Georgium Sidus 80 

Man - - 0,5 The Moon ■ ^ 

73. The ancients had such very inadequate notions of the 
magnitudes and distances of the sun and planets, that the earth 
was considered, by them, a body of aa much importance as any 
other in the universe. Pytfiagoras, as may be collected from 
Pliny, considered the sun only three dmes more distent than the 
moon, and the moon thirte^i times less distant than it is ; heoce 
according to him the sun was distant only by seven diameters of 
the earth instead of 1 2000, and so the diameter of the sun would 
be. only j'y of the diameter of the earth. Aristarchus, in the 
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third century before Christ, investigated the distance of the sun, 
and fonnd it to be only 1200 diameters of the eardi. Kepler, 
about two centuries ago, conddered it nearly five times less dis- 
tant than it is. 

74. A spectator observing a planet not in his xeaiih, refers 
It to a place among the fixed stars, difierent from that to which 
a spectator, at the centre of Ihe earth, would refer it. 
place seen from the centre of the earth is called its true place 
the arc of the great circle intercepted between these imagi- 
nary points is called &e diurnal parallax. 

75. ITie diurnal parallax is equal to Ihe angle subtended ato 
the planet by ihe place of the spectator and centre of the earth. 
For, to a spectator at H, (F!g. 1 0), a fixed star in the diredion 
HV is in the z^ith, and the distance of the planet from this 
star is VHP, but at the centre the' distance is VCP, and the 
difference of these is the angle HFC. The diurnal parallax is 
greatest when the planet appears in the horizon ; for the great- 
est angle that can be formed by two lines, one drawn irom the 
planet to die centre of the earth, and the other to the surface, 
is when the latter is a tangent. The parallax of a planet, when 
in the horizon, is called the horizontal parallax, and is equal to 
the angle the semi-diameter of the earth subtends at the planet 

76. The diurnal parallax depresses an object ; a planet, at 
rising, appears to the eastward of its true place, and at setting, 
to the westward, whence the term diurnal parallax. By observ- 
ing the distance of a planet, at rising and setting, from a neigh- 
bouring fixed star, the angle that the earth's disc snbtends at the 
planet may be observed, and that by one observer ; but this me- 
thod is not so convenient as the fffecediug. Observations near 
the horizon are uncertain : and the planet's motion in the inter- 
val of the observations requires to be most accurately known. 
Several other circumstances also render this method inferior to 
the above. 
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CHAPTER VI. 

THE ROTATION OF THE EARTH — MOTION OP TUB EARTH ABOUT 
THE SUN — GREAT DISTANCES OF THE FIXED STABS — PRECES- 
SION OF THE EQUINOXES. 

77. Having acquired a knowledge of the vast distances of 
the sun and planets, and of their magnitudesj we are led to con- 
sider whether the diurnal motion we ohserve in these hodies be 
a real or only an apparent motion. Beal and apparent motions 
ore not et first readily disUnguie^d from each other. The mo- 
tions of a person in a ship, carriage, &c. daily afibrd instances 
that vision alone is not sufficient to distinguish between true and 
apparent motion. Either experience or judgment is necessary 
to distinguish between them. 

Divmal motion. — That the heavnily bodies really move, 
and, by so doing, cause the apparent diumal motion, we can 
have no experience, nor can we readily perceive the motion of 
our earth, as we, in that respect, are in the same drcwnstances 
as a person in the cabin of a ship in motion. We could not 
easily understand whether the whole motion was in the ^ip, or 
in a bird, (the only visible external object), fiying at a distance. 
But examining the reasons for each, we distinguish which motion 
is most probable, that of the earth round its axis or of all the ce- 
lestial bodies in the space of SS"" 56". Either the celestial bo- 
dies revolve in the space of 23'' 56°" in great or small parallel 
circles, according to their apparent distance from the celestial 
poles, or the cause of that apparent diumal motion is a real mo- 
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tion of the earth about an axis in a direction from west to east 
That the latter supposition will explain the diurnal phenomena 
b ao evident, that it is hardly necessary to dwell apon it By 
the rotatiwi of the earth about an axis, the horizon of each spec- 
tator has a motion, and will revplve in the celestial sphere in- 
stead of&e sphere with its circles, so that the parts of the ce~ 
lestiol sphere will be successively uncovered and become visible, 
as they would do by a motion of die imaginary sphere itoelf, car- 
rying the bodies situate in it. 

78. The only argument against this motion is, that the spec- 
tator appears at rest and the celestial bodies appear to more. 
But as experience every day points out to us motions only appa- 
rent, nothing can be concluded from the apparent rest of the 
spectator. Tlie arguments from analogy, in favour of the rota- 
tion of the earth are very strong. The Sun, Venus, Mars, Jupi- 
ter, end Saturn, all spherical bodies like the earth, (of which, 
three are ttastly greater than the earth), revolve about their 
axes. 

79. Also against die diurnal motions of die celestial bodies 
about the earth, are the vast distances and magnitudes of the sun 
and planets. The immense motions to be given to each of 
these bodies at di&rent and variable distances from the earth, 
and apparently unconnected with each other and with the earth, 
to produce their ^parent diurnal motions, would require a very 
complicated celestaal mecliBiiiam. To suppose the sun above a 
million times larger than die earth, to revolve about the earth in 
24 hours, instead of the earth revolving about an axis in that 
time, is contrary to that rule of philosophy by which effects are 
deduced &caa the simplest causes. 

80. Also we know that when a body moves in the circumfe- 
rence of a circle, diere is requisite a force tending to the centre 
to keep it ccmtinually in that circle. Now we can assign no 
£3rce acting upon the sun and planets, to make dtem describe 
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the diurnal drcles. No bodies are situate in the different cen- 
tres of thosg^rdes* .by the continual attraction of which they 
might he continually impelled from the tangent to the circumfe- 
rence.* 

81. We conclude,then, that' the diurnal motions of the celes- 
tial bodies are only apparent, and that these appearuices are pro- 
duced by the motion of the earth about an axis {Darallel to the 
apparent celestial axis ; although every appearance may be ex- 
plained by supposing the eye^Hhecentep of* revolving sphere, 
in the concave surface of which the heavenly bodies are situate. 



* Allhongh iheaiguDMnU for the rotatiao of the earth are bo Batisfactory, that 
no doabt whaterer cao remaiD ; jetit is Interesting to consider whether the matter 
cannot be lobjected to a direct eitteriment. Il will readily appear that a body let 
taU from a eoniideiabte height will, if the earth rcTolveB from wett to east, (all to 
(he eaitward of the tertical line. Let C (Fig. 11) be the centre of the earth, T 
thepl»cefrDniwhichthebodyiBUtfall,TBthe vertical line indirection of the cen- 
tre. When the body reaches the earth let lb be the position of the vertical line, 
in consequence of iheearth's motion, TfileBf= Ttand f will be the place of the 
body } because the body, leaving the top of the vertical with a notion equal to the 
motion of the top, is, at the end of its fall, as iar from the first position of the verli- 
eal M the (op of the venicU itself is from its first poution. Bat Bb is less than 
Tt and therefore than Bf, in the proportion of CB to CT, consequently f b to (he 
eastnard of b. This is on the suppositioa that the place is at the equator, and it 
may suffice for an illustration. An accarste investigation cannot cooveuientlybe 
inserted here, but may be found in Simpson's Mathematical Dissertations, and La- 
place's Mecanique celeste, tom.iv. On account of the small height BT at which 
we can make the experiment, bf most be very small, and the utmost nice^ is re- 
quired : in this age, however, of accnrate eipeiiment, il has been attempted, and it 
ia sud with success. It has been tried at Bologna from the height of S57 English 
feet, also at Viviers and at Hamburgh ; at Hamburgh the height was 250 feet, 
and the deviation found to be 0,35 inches to the east, and 0,13 inches to the 
south. Compntation, not taking into the account the air's resistance, gives 0,34 
inches to the east, and no perceptible deviation to the south. 

Ntit by ttu Editor.— Uk denote the height of the tower, and X the latitude, the 
deviation to the east varies as ifi cos. X; and the de<r»tioii to the south u h>. sin. SX. 
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B2. The rotation of tlie earth has been established, beyond 
all controversy, since the time of Gralileo, but the notion is a 
very old one ; it is expressly mentioned by Cicero as the opinion 
of Hicetas, who lived about 400 years before the commenceniKit 
of our sera. The words of Cicero are, " Hicetas Syracumus, ut 
" ait Theophrastus, coelura, solem, lunam, stellas, supera deni- 
" que omnia stare censet ; neque prseter terram rem ullam in 
" mundo moveri : qute cum circum axem se summft celeritate 
" convertat et torqueat, eadem effici omnia, quasi stante terrS 
" coelum moveretur." Acad. QucBst. lAb. 2-* 

83. Annval motion. — The apparent annual motion of the sun 
is explained, by suppomg Uiat either the sun moves round the 
earth or the earth round the sun, in a path or orbit nearly cir- 
cular. For the aun, as has been stated, appears in the course of 
a year to describe, on the concave sortace of the heavens, a great 
circle called the ecliptic. Observation shews that its apparent 
diameter does not vary much, its greatest being = 32' 34" and least 
31 29", consequently the variation of distance, compared with 
the whole distance, is but small. Observations likewise shew 
that its apparent motion in the ecliptic or change of longitude is 
not equable, yet its difference from equable motion is not great 
llie motion for any given interval of time, if it moved equably, 
is found by dividing its vdiole motion in a year by the number 
of given intervals in a year. Thus it moves 360" in about 365 
days, therefore in an hour the motion is 2' 28" nearly. This is 
called the mean motion in an hour. Its greatest hourly motign 
is 2* 33" and its least 2' 23"., Whence in a year the sun moves 
in an orbit nearly chcular, and with a motion nearly equable, 
about the earth, or the earth moves in an orbit nearly circular, 



■ Repcii apod CiceroDem primaiii Hkelun leiatUeteTTiim moTeii. Inde igitui 
iccmoDem D»c(as> coepi et ego d« terrn mobUiUK cogilare. Csptmuiu is nd 
re/, ad Faulun m. Ed. 
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with a motion nearly equable, about the sun. That the latter 
motion takes place is established by a variety of reasons. 

84. It will be proved diat the planets move about the sun in 
orbits nearly circular, in different periodic tiroes and at different 
distances. Also that all the planets receive their li^t from the 
sun, a body vastly greater than them all in magnitude, some of 
which are of much greater magnitade than the earth. Again 
there is a certain relation between the periodic times of the 
planets and their distances from the sun, as will hereafter appear. 
Now considering the earth as a planet revolvuig round the son, 
its distance and periodic time obey the law of the rest of the 
planela : which drcumstence affording bui^ an harmony be- 
tween the motions of all those bodies, receiving their light and 
apparently their heat, the source of animal and vegetable life, 
must at once p««uade us to acknowledge |j^ annual motion of 
the earth, rather than that of the sun : al&ough all the princi- 
pal phenomena of the planetary motions may be explained, by 
supposing them to revolve in orbits nearly circular round the 
sun, while the sun and planets are together carried with an an- 
nual motion round the earth. 

85. Bnt the most satisfactory pn»f ia one that we cannot io- 
trodnce with its tiill effect here, it requiring some preliminary 
principles of physical astronomy. This proof is from the know- 
ledge of that universal attendant of matter, the principle of at- 
traction or gravity. The sun, ear&, and planets mutually at- 
tract each other, in proportion to their quantities of matter or 
their masses. It follows, from the laws of motion, that they 
must come together, or each of them revolve in an orbit round 
8 fixed point, the common centre of gravity of all the bodies. 
Now we shall see hereafter that the mass of the sun, as well as 
its magnitvde, is vastly. greater than all the planets together, so 
much greater, that the common centre of gravity lies within the 
body of the sun ; and the sun, in fact, will move about this point. 
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but in a path so small, compared with the orbits of the planets, 
that it may be said to be at rest, and the planets said to revolve 
about the sun, they revolving about a point so near his centre. 

Another argument, derived from the velocity of light, will 
be mentioned hereafter. 

86. But it is necessary to shew how this annual moUon will 
explain the changes of the seasons, or rather how the annual mo- 
tion of the earth will explain the apparent motion of the sun in 
a great circle inclined to the equator ; for from this, as we have 
seen, are explained the dianges of seasons. 

The annual motion of the earth in an orbit, the plane of 
which passes through the sun, is independent of its motion round 
the axis. That a globe may have two motions independent of 
each other, one a progressive motion equally affecting each par- 
ticle, and the other a rotatory motion about an axis, is easily 
shewn from mechanical principles. As the progressive motion 
affects each particle equally, it cannot affect the rotation of the 
globe about its axis, and ffterefore this axis will, while the globe 
has a progressive motion, remain parallel to itself. Supposing 
then the earth to have two such motions, it is clear that the 
axis cannot be perpendicular to the plane of the progressive mo- 
tion, for otherwise the sun would always appear in the celestial 
equator. But if the polar axis be inclined to the plane of the 
earth's orbit constantly at an angle of 66° 32*, a spectator any 
where on the earth will see the sun, in the course of a year, ap- 
parently describe a great circle on the surface of the celestial 
sphere, inclined to the equator at an angle of 23° 28'. For the 
plane of the orbit constantly making the same angle with the 
terrestrial equator, it will intersect the surface in a great circle, 
inclined to the equator at an angle of 23" 28', and therefore an 
eye at the centre of the earth will refer the place of the sun al- 
ways seen in the plane of the orbit, to a great circle in the ce- 
lestial sphere, which circle it will evidently appear to describe 
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in the course of a year to an eye at the centre. But it was be- 
fore shewn, that,' from the vast distance of the. san compared 
with the diameter of the earthy all spectators refer the sun neariy 
to the same place on the concave surface ; whence we conclude, 
that by the moticm of the earth about the sun in an orbit, to 
which the equator is inclined at a constant angle c^ 23° 2S', the 
sun, seen from any part of the earth, will appear to describe, in 
the space of a. year, the great cirde called the ecliptic. 

87. The effects also pf &i» inclination and parallelism of the 
axis, will readily appear, by conwdering that a hemisphere (or 
rather somewhat more) of the earth, the base of which is per- 
pendicular to the line joining the centres of the sun and earth, 
is illuminated by the sun. l^e positions of the poles and pa- 
rallels of latitude with respect to thi» faemi^here, will easily 
Aievi the variation (^ the length of ^e days and of seasons. 

Let HVTP (Kg. 12, 1) represent the path or orbit of the 
I earth about the sun S ; let also AB represent the axis of the 
earth, B being the north and A the south pcde. Conceive this 
axis in a plane at right angles to the orbit, and that this plane 
always continues parallel to itself, while the centre of the 
earth moves about the sun, the axis will then, it is evident, also 
move parallel to itself. Let AHB be the position of the axi» 
when this plane passes through the smt, and the angle SHB = 
90° + 23° 138'. When the centre H has moved a right angle 
about the sun to V, this imaginary plane being parallel to its 
former position, SV must be at right angles to it^ that is, to 
every line in it, therefore SVB is a right angle. 'Wheii the 
centre comes to T in SH produced, the plane agun passes 
through the sun, and because TBand HB are parallel, STB= 
90°— 23° 28', and is then least. When it comes to P opposite 
to V, again SPB is a right angle. H will represent the place 
of the earth at the whiter solstice, V at the vernal equinox, T at 
the Bummer solstice, and P at the autumnal equinox. For, Fig. 
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12, 2 will represent the earth at H vtiih its enlightened andj 
E,- - ^ dark hemiBpheres, seen at right angles, to the plane of the me- 
[/rldian passing through the sun. The angle SHB is greater than 
in any other position, and tlie north pole B will be in the dark 
hemisphere farthest removed from the circle of light and dark- 
ness. The parallel of lat. Lm is the arctic circle-, and will juat 
touch the circle* of light and darkness. All placeson the north 
«de of the equator, will have a greater portion of their parallels 
of latitude in the dark than in the enlightened hemisphere, and 
therefore the days will be shorter than the nights. The equator 
is equally divided, and the parallels on the southern side have a 
greater portion in the enlightened than in the dark hemisphere. 
TS will be thie parallel to which the sun is vertical, and will re- 
present the southern tropical circle, because rHe = LHB = 
23° 28'. 
.J y >— V will be the place of the earth at the vernal equinox ; for, 
■^ '-^'LFig. 1 2, 3 will represent the earth at V with its enlightened and 
dark hemispheres, viewed at right angles to the plane of the 
meridian passing through the sun. The circle of light and 
darkness will pass tlirough the poles and equally divide the pa- 
rallels of latitude ; therefore all places will have equal day and 
;ht, and the sun will be vertical to the equator. 
T will be the place of the earth at the summer solstice ; for, 
g. 12, 4 will represent the earth at T, with its enlightened 
d dark hemispheres viewed as before, and the same may be 
narked with respect to the northern and southern hemispheres, 
as was observed with respect to the southern and northern when 
the earth was at H. Fig. 12, 3 may also represent the earth 
when at P, with its enlightened and dark hemispheres. 

88. An objection to the motion of tiie earth must be consi- 




>Tbe circle called ihe circle oflighianddaiknesB, ii Ihe circle, which ia 
boundarr, between the dark and enlightened hemisphere*. 
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dered here, which at first sight may appear to have some weight. 
No change is observed in the relative position of the fixed stars, 
in consequence of that motion. The angular distances of the 
fixed stars, observed at different seasons of the year, always re- 
main the same, even when observed with the most exquisite in- 
struments.' But, supposing the motion of the earth in an orbit, 
nearly circular, round the sun, the observer in one situation is 
nearer some stars by 24000 diameters of the earth, (vid. note, 
page 45), than in another, and consequently the angular dis- 
tances of those stars ought to appear greater.* 



' Let TDE (Fig. 13) represent the orbii of the earth, T aad E the places of 
le earth a.t the soliticea, when the uei Pp, F p* of the eajth are id a plane which 
B through the eun, and ii perpendicnlar to the plane of the orbit. Let 
F be a filed star in thia perpendicular plane. When the earth is at T (he 
observed distance of the star from the celestial pole is FTP, when at E it is 
FEF. Fioduoe pp to meet F£ in B : then the angle F = TRE— FTR = 
FEP' — FTP. Bui these angles are constantlj Ihe same, not having any percepti- 
ble difference, and therefore (he angle subtended by (he diameter of (he earth's 
orbiti.at a star situate in the solstitial colure. is imperceptible. Dr. Bradley loot 
much pains to ascertain the angle F in Ihe case of y Dracoaia, a star ofthe second 
magnitude, eilnale nearly in the plane above mentioned or in the solstitial colure, 
about 15° from the pale of Ihe ecliptic. This stabpassing the meridian near his 
zenith, admitted of being observed by a zenith sector, an instrument particularly 
adapted for observing nith grea( precision near the zenith, where also no errorcan 
Dccnr from the uncerlunty of refraction. He found the angle F imperceptible by 
his observations. Mj own observations, and those of Mr. Pond, the present As- 
tronomer Royal, agree alsooi (o thit Hot, in shewing that (he angle F is impercep- 
ble. Let us suppose the angle F r= 2", draw (he perpendicular EK, then 2" : 
20^65" (the seconds in an arah = radius) ; ; sin. 2» ; rad ; ; EK ! FE. Bnt 
EK : TE ; : sin. ETK : radius. For y Draconii the angle ETK = 15P nearly, 
hence EK = ,97.TE, and therefore FB = ™^ X ,97.TE =: lOpflOO.TE nearly. 
If the earth therefore move about Ihe eun, the distance of y Draconis must be at 
least SO()0(K) times greater than the distance of the sun from the earth, or above 
two thousand million diameters of the earlh. 

The greatest angle the diameler ofthe earth's orbit subtends at any fixed star, 
which is called (he parallax of the star, has been, till lately, thought impercepli- 
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89. The distance of the fixed stars, proved by the motion of 
the earth, is indeed wonderful, yet there is nothing contrary to 
our reason or experience in admitting it. Why should we limit 
the bounds of the universe by the limits of our senses ? We see 
enough in every department of nature to deter ua from rejecting 
any hypothesis, merely because it extends our ideas of the crea- 
tion and divine Creator. 

The best telescopes do not magnify the fixed stars, so as to 
submit their diameters to measurement, but it is well ascertain- 
ed that the apparent diameter of the brightest of them is less 
than 1". Now being self shining bodies, and not subject, ex- 
cept in a few instances, to any apparent alteration, we may con- 
clude them to be bodies of the nature of our sun. But that the 
diameter of the sun may appear less than a second, it must be 
removed 1900 tunes farther from us than at present ; which is 
an argument in favoiu' of the vast distance of the fixed stars. It 
must however be confessed, that this argument from analogy is 
much too weak to be in any degree decisive, and our positive 



ble. M. Finn, from hi< obMmLtioni made at Ptlenuo, inipected a parallax of a 
tew tecondi io lerenl itan. (Vid. Con. d«s Kmpi, ISOB, p. 433). Particular 
attention baa been paid by mjaelf to thia subject, and m; observations made with 
the circle, 8 feet in diameter, beloD^g to tlie Observatory of Trioity College, 
Dublin, appeared to point out a parallax in leTGra] itara. The agreement of re- 
aults obtained by diiTereDl aeU of observ^ons, aaemed to leave no doubt on thii 
head. However, observstioni made elsewhere do not confirm my reiulla. Aa 
opportunity will otter further on of again mentioning thia question. 

NMt by thi Edtfar— The celebrated Hooke iras the first person that asserted the 
eiiEtence of annual parallax. His object was that it should serve as aatxperimnf 
IsmfTucii to determine between the TycbonicandCopemican systems. Hooke's 
observations, however, wece too inaccurate to be at all relied on. Flamstead also 
asBerted the existence of parallax, but did so from having confounded it with aber- 
taiiop. Bradley completely separated these inequalities, and denied the exist- 
ence of seriuble parallax for the fixed stars. 
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knowledge of the immeDse distance of the fixed stars must de- 
pend upon the ceilmnty of our knowledge of the earth's motion, 
of which we have such evidence as must be conndered conclu- 
sive. 

90. Precession of the equinoxes. — Although the place of 
the celestial pole among the fixed stars has been considered as 
not changed by the annual motion of the earth, yet in a longer 
period of time it is observed to be changed, and also the situa- 
Uon of the celestial equator ; while the ecliptic retains the same 
situation among the fixed stars. Observation shews that this 
change of situation of the pole and equator is nearly regular. 
The pole of the celestial equator appears to move with a slow 
and nearly uniform motion, in a lesser circle, round the pole of 
the ecliptic; while the intersections of the equator and ecliptic 
move backward on the ecliptic, with a motion nearly uniform. 
This motion is at the rate of about 1" in 72 years, or more ac- 
curately 50", 2 in a year ; consequently the sun returns again to 
the same equinoctial point before he has completed his revolu- 
tion in the ecliptic ; so that the equinoxes precede continually 
the complete apparent revolution of the sun in the ecliptic : and 
hence the term precession of the equinoxes. In consequence of 
this apimrent motion all the fixed stars increase their longitudes 
by 50", 2 in a year, and also change their right ascensions uid 
declinations. Their latitudes remain the same. The period of 
the revolution of the celestial equinoctial pole about the pole of 
the ecliptic is nearly 26000 years. 

The north celestial pole therefore will be, about 13000 years 
hence, nearly 49" from the present polar star ; and about lOOOO 
years hence, the bright star a Lyrte will be within 5" of the 
north pole. This star therefore which now, in these latitudes, 
passes the meridian witliin a few degrees of the zenith, and 
twelve hours after is near the horizon, will then remain nearly 
stationary with respect to the horizon. All which will readily 
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appear, from considering the celestial concave suriace as re]H«- 
sented by a common celestial globe. 

91. This motion of the celesUal pole originates from a. real 
moHon in the earth, whereby Its axis, preserving the same in- 
clination to its orbit, has a slow retrograde conical motion. 
The cause of this motion is shewn, by physical astronomy, to 
arise from the attraction of the sud and moon on the excess of 
matter at the equatoreal parts of the earth. By physical astro- 
nomy we are also enabled to account for a small change in the 
plane of the ecliptic. Observations, separated by a long in- 
terval, point out that the obliquity of the ecliptic is diminish- 
ing at nearly the rate of half a second in a year, that is, the 
ecliptic appears approaching the equator by ludf a second in 
a year. Hiysical astronomy ah&m that this arises from a 
change in the plane of the earth's orbit, occasioned by the 
action of the planets : that this change of obliquity will 
never exceed a certain small limit : and that by this action of 
the planets, the ecliptic Is progressive on the equator 14" in a 
century." 

TTie precession of the equinoxes is not entirely uniform, for 
a small inequality in the precession, and change in the obli- 
quity of the equator to the ecliptic, depending on the position 
of the moon's nodes (the intersections of its path and the eclip- 
tic) were discovered by Dr. Bradley, and are confirmed by 
physical astronomy. The poles of the equator describe round 
their mean places a small ellipse, not diflfeiing much from a 
circle about 18" in diameter, in 18 years." 



■ Hence the uinual precession ariung from tha Bpheioidical figure of the eailh 
U SO", 19-1-0". 14=S0",33aimualI)'. 

^ There is olio ». lotar inequality of preceuion, depending on the place of the 
■un ID the ecliptic ; this is never greater than 1", 1 . 
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92. The precession of the equinoxes was first discovered 
by Hipparchus. As the quantity of it is so perceptible in a 
hundred years, a comparison of the posidon of the circles of 
the sphere, as recorded in the earliest aera of astronomy, and of 
their position now, has been used to assist chronology. 
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CHAPTER VII. 



ON THE MOTIONS OF THE PRUURY PLANETS — THE SOLAR OR 
COPERNICAN SYSTEM — THE PTOLEMAIC SYSTEM. 

93. Having stated some of the principal arguments for the 
motion of the earth, in an orbit nearly circular about the sun, 
let us now consider the planets in general. Astronomy has add- 
ed much indeed to our knowledge of the creation, by enabling 
us to ascertain that the planets are vast bodies, revolving round 
the sun in orbits nearly circular, some at greater and others at 
less distances tban the earth ; that some of these bodies are 
smaller and others much larger than the earth : and that, ac- 
cording to a high degree of probability, they are bodies of flie 
same nature as that on which we live, 

94. The principal planets are always observed to be nearly 
in the ecliptic, the annual path of the sun on the concave sur- 
face ; and for the present let us consider them as seen in the 
ecliptic. 

The most striking circumstance in the planetary motions is 
the apparent irregularity of those motions, the planets one while 
appearing to move in the same direction among the fixed stars 
as the sun and moon, at another in opposite directions, and 
sometimes appearing nearly stationary. These Irregularities 
are only apparent, and arise from a combination of the motion 
of the earth and motion of the planet ; the observer, not being 
conscious of his own motion^ attributing the whole motion to 
the planet 

95. The planets really move, according to the order of the 
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drcular about the sun in the centre. As the computed place 
aln~ays agrees with the observed place, it necessarily follows that 
the retrograde, stationary appearances, and direct motions, of 
these planets, are explained, by assigning these circular motions 
to them. 

98. It is easy to demonstrate the retrograde and stationary 
appearances. 

To do this more clearly, it will be necessary to consider the 
eflect of the motion of the spectator arising from the motion of the 
rth, in changingtbe apparent place of a distant body. The spec- 
tator, not being conscious of his own motion, attributes the motion 
to the body, and conceives himself at rest. Let S be the sun, (Fig. 
15) ET the space described by the earth in a small portion of time 
which therefore may be considered as rectilinear. The motion 
is from K toward T. Let V be a planet, supposed at rest, any 
where on the same side of the line of the direction of the earth's 
motion as the sun. Draw EP parallel to TV, then while the 
earth moves through ET, the planet supposed at rest will ap- 
pear to a spectator, unconscious of his own motion, to have 
moved by the angle VEP, which motion is direct, being the 
same way as the apparent motion of the sun. And because the 
earth appears at rest with respect to the fixed stars, the planet 
will appear to have moved forward among the fixed stars by 
the angle VEP = EVT = the motion of the earth, as seen from 
the planet supposed at rest, l^us the planet being on the same 
side of the Hue of direction of the earth's motion as the sun, 
will appear, as far as the earth's motion only is concerned, to 
move direct L«t M be a planet any where on the opposite 
ride of the line of direction, then the planet will appear to move 
retrograde by the angle MER. And therefore, as far as the 
motion of the earth only is concerned, a planet, when the line of 
direction of the earth's motion is between the sun and planet, will 
appear retrograde. 
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99. To return to the apparent motion of the inferior planets. 
Lettheearthbe at E, (Fig. 14), and draw two tangents GE and 
ED. ITien when the planet is at D or G, it is at its greatest 
elongation from the sun S. It is clear that the planet being in 
the inferior part of its orbit between D and G, relatively to the 
earth, and (he earth being supposed at rest, the planet will ap- 
pear to move from left to right, that is, retrograde : and in the 
upper part of the orbit from right to left, that is, direct. But 
the earth not being at rest, we are to consider the effect of its 
motion. In the case of an inferior planet, the planet and the sun 
are always on the same side of the line of direction of the earth's 
motion, and therefore the effect of the earth's motion is always 
to give an apparent direct motion to the planet, (Art, 98). 
Hence in the upper part of the orbit between the greatest elon- 
gations, the planet's motion will appear direct, both on account 
of the earth's motion and its own modon. In the inferior part 
of the orbit the planet's motion will only be direct, between the 
greatest elongation and the points where the retrograde motion 
from the planet's motion becomes equal to the direct motion 
from the earth's motion. At these points the planet appears 
stationary : and between these points, through inferior conjunc- 
tion, it appears retrograda 

100. Next, for the superior planets, or those planets which 
are farther from the sun than the earth is. The interval of time 
between two succeeding oppositions of a superior planet to tlie 
sun can be observed. A superior planet Is in opposition, when 
the earth is between the sun and planet. It is known when a 
superior planet is in opposition, by observing when it is in the 
part of the zodiac opposite to the place of the sun. Let T re- 
present the time between two successive oppositions, then view- 
ing the planet from the sun, the earth will appear to have gained 
an entire revolution, or 360° on the planet, in the time T ; and 
the earth and planet being supposed to move with uniform an- 

F 3 
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gular velocities about the sun, the angle gained by the earth will 
increase unifonnly. 

101. Let TEL (Fig. 16) represent the orbit of the eartli, 
CDOG that of a superior planet; N (he place of the |danet 
when the earth is at E. Then, in the triangle SNE, we have 
the angle SEN by observation, and the angle NSE by compu- 
tation. For NSE is the angle at the sun which the earth has 
gained on the jdanet since the preceding opposition. Thb an- 
gle : 360° : : time since opposition : T. The two angles NSE 
and SEN being known.the angle SNE is known, and therefore 
SN relatively to SE. For sin. SNE : sin. SEN : : SE : SN. 
Having thus obtained the distance of a superior planet from the 
sun, we can, at any time, by help of the time T, and time of 
preceding opposition, compute the angular distance of the earth 
from the planet, as seen from the sun, and thence, by help of 
the earth's distance and planet's distance from the sun, we can 
compute the planet's elongation from the sun. Thus the planet 
being at R and the earth at E, we compute the angle RSE, and 
knowing the sides FS and SR, we can (by plane trig.) compute 
the angle RES, the elongation of the planet from the sun. 
This being compared with the observed angle, we always find 
them nearly agreeing, and thereby is shewn that die motions of 
the superior planets are explained, by those planets moving in 
orbits nearly circular about the sun. As the computed place 
nearly agrees with the observed place, it necessarily follows that 
the retrograde and direct motions, and the stations, of diese pla- 
nets are explained, by assigning to them these circular motions. 

102. And it is easy to demonstrate these appearances. It 
is clear that the planet being in any part of its orbit, and the 
earth being supposed at rest at any point E, the planet will ap- 
pear to move from west to east, or direct. But the earth not 
being at rest, we are to consider the effect of its motion. TTie 
earth being at E, draw the tangent DEG, then if the planet is 
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in the upper part of the orbit DCG, it is on the same side of the 
line of direction of the earth's motion as the sun^ and therefore 
the effect of the earth's motion is to give an apparent direct mo- 
tion to the planet. The earth being at Ej and the planet at D 
or G, the planet is stud to be in quadrature ; consequently from 
quadrature to conjunction, and from conjunction to quadrature, 
the planet appears to move direct, both on account of its own 
motion and the motion of the earth. If the planet is in the 
lower part of the orbit DOG, the effect of the earth's motion is 
to give an apparent retrograde motion to the planet ; conse- 
quently from quadrature to opposition, and from opposition to 
quadrature, the planet moves direct or retrograde according as 
the effect of the planet's motion exceeds, or is less than, the 
effect of the earth's motion. Between quadrature and opposi- 
tion their effects become equal, and the planet appears station- 
ary, and afiterward through opposition to the next station retro- 
grade. 

103. The apparently irregular motions of the planets among 
the fixed stars, must strike the most cursory observer, and it 
would not at first be expected that these motions could bcflx- 
plained by so simple an arrangement of the bodies. But it is 
not enough to establish the true arrangement and true motions 
of the bodies, tnat the general appearances are explained. It is 
necessary that the most minute circumstances of their apparent 
motions can be shewn to arise from that arrangement. We have 
supposed above that the orbits are accurately circular, that the 
planes of these orbitsand that of the earth coincide, and that the 
angular motions were uniform ; but if the planes of the orbits co- 
incided, if the orbits were accurately circular, and were imitbnnly 
described, the planets would always appear in the ecliptic, and 
would always be found exactly in the places which the computa- 
tion on the circular hypothesis points out ; but none of these things 
take place exactly. The deviation however can be explained, by 
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ahewing, that the planes of the orbits of tlie planets are inclined 
to the plane of the earth's orbit at small an^ea, and that the or- 
bits are not circles, but only nearly circles, being ellipses, not 
differing much from circles, as will bediewn farther on. Every 
phenomenon, even the most minute, can be deduced from such 
an arrangement ; no doubt therefore would remain of the mo- 
tions of the planets, in such orbits, round the sun, even had we 
not the evidence derived from physical astronomy. 

Another arrangement, known by the name of the Ptolemaic 
system, will explain the general appearances of the planetary 
motions, will shew when they are direct, stationary, and retro- 
grade, and will enable us td compute nearly their apparent 
places; but when applied to the more minute circumstances of 
their motions, it totally fails. 

104. The periodic times of the inferior planets can be de- 
duced nearly, from observing the time between two conjunctions, 
tlieir orbits being supposed circular. 

Let T = the time between two successive inferior or supe- 
rior conjunctions. 

E — periodic time of the earth. 

P = periodic time of the planet. 
Then considering the planet's angular''motion as uniform, P : K 
: : 4 right angles : angle described by planet about the sun in 
time of earth's revolution = 4 right angles -j- angle gained by 
planet on earth in time of earth's revolution. 

But the angles gained are as the times of gaining them ; 
therefore 4 right angles ; 4 right angles + angle gained by pla- 
net on earth in time of earth's revolution : : T : T -)- E. 
O , Hence" P : E : : T : T -i- E, tlierefore P = ^, conse- 



• Olhenvise Ihus : — The angle described by the plao 
'—, and ibil by (he earth — -, heacelheirsepuation ii 
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quently knowing the time between two inferior conjunctions, I 
whicb can be readily observed, we obtain the periodic times of 1 
the planets Mercury and Venus. 

The interval between the inferior conjunctions of Mercury is 
11-5 days, therefore its periodic time = = 87 days. 

The interval for Venus is 584 days, and consequently its pe- 

105. The periodic times also of the superior planets can be | 
obtained, from observing the time between two successive oppo- 
sitions. 

Let T, E, and P represent as before. TTien P : E : : 4 right 
angles : angle described by planet in time of earth's revolution = 
4 right angles— angle gained by earth on planet in time of earth's 
rev. Also 4 right angles : 4 right angles— angle gained by earth 
intimeE:: T:T-E, hence P rE: ; T : T-E, therefore P= 
TXE 
T— E' 

The interval between two opposilionB of the Georgium Sidus 
is 369| days ; hence the periodic time of the Georgium Sidus \ 
_ 369,75^x365,25 _ gg ^ gg^^ _ gg ^^^^ Yot Satum, the in- 
terval is 378 days, and consequently the periodic time of Saturn 
=^J5^|=29| x365| = 29^ years. In like manner the pe- 
riodic times of the other superior planets may be nearly deter- 
mined. 

106. The inclinations of the planes of the orbits of all the 



bul since tfaey EepBrale by 3G0 in the time T their leparation ia Uie unit of tim« is 
also __ ; equallDg those quantities we have— — p^-s; '"^"'^ ^^^Tfj-js 
For ibe superior planets the equation is— — _^—, whence P = ^. — = — Ed. 
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planets, except Pallas, to the plane of the earth's orhit are small. 
The method of ascertaining the inclinations will he afterward 
shewn. The points, in which a {danet's orbit intersects the 
plane of the earth's orbit, are called nodes. The node through 
which the planet passes from the southern to the northern side 
of the ecliptic, is called the ascendttig node, and the other the 
descending node. 

When an inferior planet is near one of its nodes at inferiw 
conjunction, it appears a dark spot on the sun's surface, and 
thereby is shewn that tlie inferior planets receive their light 
from the sun. Wlien Venus is in superior conjunction, at a 
considerable distance from its node, it may be seen, by help of 
a telescope, to exhibit an entire circular disc. Indeed all lite 
different appearances oi' the inferior planets, as seen through a 
telescope, are consistent with their being opaque bodies, illu- 
minated by and moving about the sun in orbits nearly circular. 
Near inferior conjunction they appear crescents, exhibiting the 
same appearance as the moon a few days old. At tiie greatest 
elongation they appear like the moon when halved, and between 
the greatest elongation and superior conjunction they appear 
gibbous, or like the moon between being halved and full. 

107. These appearances are easily explained. — Tlie planet 
being a spherical body, the hemisphere turned toward the sun 
is illuminated. A small part only of this hemisphere is turned 
toward the earth, when the planet is near inferior conjuncdon. 
Half the enlightened hemisphere is turned toward the earth, 
when the planet is at its greatest elongation. More tlian half, 
when the planet is between its greatest elongation and superior 
conjunction. 

For, generally, botli with respect to inferior and superior 
planets, the greatest breadth of the part of the illumined hemis- 
phere turned toward the earth, is proportional to the exterior 
angle at the planet, formed by lines drawn from the planet to 
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the sun and earth. Let PS (Fig. 17) be in the direction of the 
sun, PE in that of the earth, IPHLO the section of the planet 
in the plane of the earth's orbit Draw HO perpendicular to 
EP, and HIO is the greatest breadth of the hemisphere turned 
toward the earth ; IL being perpendicular to SP, IHL is the 
greatest breadth of the illunfinated hemisphere ; and HI com- 
mon to each, is the greatest breadth of the illuminated part seen 
from the earth. The measure of this is the ^igle IPH = IPS 
+ SPH = HPG + SPH = SPG the exterior angle at the 
planet. Now near inferior conjunction the exterior angle is. 
less than a right angle ; at the greatest elongation it is a right 
angle ; and afterwards greater than a right angle. Hierefore 
the breadth of the illuminated part is respectively less than a 
quadrant, equal to a quadrant, end greater than a quadrant. 

108. It is easy to see that as the planets appear flat discs on 
the concave surface, so their illumined parts will be projected 

on the flat surface, and the greatest breadth will be projected "K^K^ 
into its versed sine, as in Fig. 18. 1, 18. 2, 18. 3, where IH is ji*ljf 
jx-ojected into its versed «ne AB. Because the projection of a 4^JmuMt 
circle, inclined to a surface, by right lines perpendicular to that 
surface, is an elUpse, the inner termination PS of the enlight- 
ened part appears elliptical, and the enlightened surface : surface 
of planet : : AB : AC : : versed sine of exterior angle : dia- 
meter. 

109. With respect to the superior planets ; the exterior an- 
gle of the planet b least when the planet is in quadrature. For, 
when the exterior is least the interior is greatest. Now it is 
evident that SGE, (Fig. 16) when GE is a tangent to the orbit 
of the earth, is greater than when E is at any other point, and 
therefore the planet being in quadrature, the exterior angle is 
least. SGE for every superior planet is acute, and the exterior 
angle obtuse, and consequently its versed sine is greater than ra- 
dius. Whence more than half the disc of a superior planet is I 
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Rlways seen, and it appears most gibbous in quadrature. Mars 
then appears gibbous about ^ of his diameter; Jupiter only 
by about 7^^ of his diameter, which quantity is imperceptible, 
even by a telescope ; because Jupiter's disc then only subtends 
tai angle of 30". Accordingly all the superior planets, except 
Mars, appear always with a full face. The new planets appear 
so small, that it cannot be expected that they should appear in 
any degree gibbous. 

110. The brightness of a planet depends both on the quan- 
tity of illuminated surface wid its distance. The greater the . 
distance is, the less the brightness ; which, the illuminated sur- 
face remaining the same, decreases as the square of the distance 
increases, so that in computing when a planet appears brightest, 
both the illuminated surface end distance must be taken into the 
account Both circumstances concur in making a superior pla- 
net appear brightest at opposition. The inferior planets are 
not brightest at superior conjunction, because of their greater 
distance; and near inferior conjunction, the illuminated part 
visible to us is very small. The place of greatest brightness 
then lies between inferior and superior conjunction. 

The solution of the problem to find when Venus a{^>ears 
brightest, gives her elongation then about 40 degrees. The 
places of greatest brightness are between the places of greatest 
elongation and inferior conjunction. This agrees very well 
with observation. When she is near this position she occasiona 
a strong shadow in the absence of the sun ; and for a consider- 
able time both before and after she is at this elongation, she 
may be readily seen in full day-light by the naked eye, 

111. From inferior to superior ctMijunction Venus is to the 
westward of the sun, and therefore rises before the sun, and by 
the splendor of her appearance, being much ncrticed, is called 
the morning star. From superior to inferior conjunction she 
appears to the eastward of the sun, and therefore does not set 
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till after the sun, and is then called the evening star. Jupiter, 
which approaches much nearer in splendor to Venus than any 
other planet, is sometimes called a morning or evening star, 
according as it rises before or seta after the sun, and when 
near opposition may be called both an evening and morning 
star. 

1 12. The following TABLE exhibits at one view the princi- 
pal outlines of the planetary system. 
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The times and arcs of retrogradation are computed on the 
supposition that the orbits are circular. 

The apparent diameters of the new planets have not been 
ascertained. They are too small to be measured by micro- 
meters. 

Dr. Herschel thinks that if the diameter of any one of them 
amounted to ^ of a second, he should have been able to have 
ascertained JL— Phil. T^n. I^rt 1, 1805. 

The minuteness of these bodies has induced him to class 
them as distinct from the planets, under the name of Asteroids. 
It may be observed that an apparent diameter of ^ of a second 
in opposition would give a real diameter of 222 miles. 

1 1 3. Perhaps the most striking circum^ance in the above 
table, is the great velocities with which the planets move ; and 
this is more impressed, when we consider that of the earth on 
which we live, the velocity of which is 90 times greater than 
the velocity of sound. In contemplating these velocities, it 
cannot but occur to us how great a power is necessary to be 
continually acting, to circumflect the planets about the sun, and 
compel them to leave the tangential direction, A power that 
acts incessantly, and is able to counteract the great velocities of 
the planets, must excite our inquiries as to its origin and law 
of action. 

We can ascertain that this power is constantly directed to- 
wards the sun, increases in intensity as the square of the distance 
from the sun decreases, and, that it is the same power which is 
difliised through the whole planetary system, only varying in 
quantity as the square of the distance from the sun is varied. 
So far physical astronomy teaches; but the proximate cause of 
this power, or solar gravity, as it may be called, is unknown. 
We cannot trace by what agency the Supreme Being, from 
whom all tilings originate, has ordained the operations and laws 
of gravity to he executed. 
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114. By a companBOn of the distances and periodic times, 
which are determined independently of each other, it will be 
seen that the sqttares of the periodic times are as the cubes of 
the distances, lliis relation nas first found out by Kepler. 
For a long time no necessary connexion was discovered between 
the periodic times and distances, till at last it was shewn to he 
a consequence of the law of gravity above-mentioned. 

1 15. At present we know of no secondary cause that could 
have any influence in regulating the respective distances of the 
planets from the sun ; yet there appears a relation between the 
distances, that cannot be considered as accidental. This was 
iirst observed by Professor Bode of Berlin, who remarked that 
a planet was wanting, at the distance at which the new planets 
have since been discovered, to complete the relation. Accord- 
ing to him, the distance of the planets may be expressed nearly 
as follows, the earth's distance from the sun being 10.. ' " 

Mercury 4 ~ 4 ■ »-■ 

Venus 4+3x1 = 7 

Earth 4-1-3x2 = 10 

Mars 4-1-3x2* = 16 

New planets 4-|-3x2' = 28 

Jupiter 4-)- 3x2* = 52 

Saturn 4-J-3x2' = 100 

Georgium Sidus 4+3x2* = 196 

Comparing these with the mean distances above given, we 
cannot but remark the near agreement, and can scarcely hesitate 
to pronounce that these mean distances were assigned according 
to a law, although we are entirely ignorant of the exact law and 
of the reason for that law. 

1 16. Astronomy must have been considerably advanced he- 
fore any attempts were made to ascertain the position of the 
planets with respect to the sun and to each other, and to deve- 
lope their motions. It is said, however, that the Egyptians very 
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early conceived the motions of the planets Mercury and Venus 
to be about the sun, and also that the Pythagoreans considfered 
the sun as the centre about which the planets performed their 
nwtions. But their opinions are so imperfectly expressed in the 
few scattered notices which are found in different authors, that 
little can be known with certainty about them. 

The distinguished astronomers of the Alexandrian school, 
Aristarchus, Erat(»thenes, Hipparchup, and others, seem not to 
have attempted any theory of the planetary motions, notwith- 
standing they far excelled in other parts of astronAnical know- 
ledge all that had gone before. And we are certain that till 
Ptolemy, who wrote about 140 years after the birth of Christ, 
published the system that goes by his name, the motions of the 
planets were not submitted to regular calculation. -' 

In the Ptolemaic system, the earth is supposed immoveable 
in the centre, about which the Moon, Mercury, Venus, the Sun, 
Mars, Jupiter, and Saturn are supposed to revolve in different , 
periods and in the order stated. All these bodies, as well as the ^ 
fixed stars, were likewise supposed to be carried round the earth ' 
by the motion of the primum mobile in 24 hours. The latter 
opinion appears now so unphilosophical, that we are apt to 
judge by it of the rest, and despise the whole Ptolemaic system, 
as unworthy of consideration. However, that part of the system 
by which the inequalities of the planetary motions were ex- 
plained js well worthy of examination, and seems in some mea- 
sure entided to the credit which it possessed for near fourteen 
centuries. 

117. The motions of the inferior planets were supposed to 
be as follow. Let E (Fig. 19) be the earth, SS' the path of 
the sun, V Venus in inferior conjunction. Venus is supposed 
to move uniformly in a circle which is carried uniformly round 
the earth. Let V N be the circle in which Venus moves, while 
thisjcircle is moved uniformly about the earth. The circle in 
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which the planet movea is colled tlie epicycle, and that on which 
the eentre uf the epicycle moves is called the deferent. The 
epicycle is desciibed in the time between two inferior conjunc- 
tions of the planet, and the deferent is described in the time of 
the earth's revolution about the sun. It is easy to see that such 
a combination of motions will represent the motion of the pla- 
net. At V the motion of the planet being towards N, and that 
of the epicycle towards D', the former motion about E exceed- 
ing the latter, the planet appears retrograde when seen from E. 
But it will readily appear generally, that the angular distance 
of the planet from the sun is always rightly represented in this 
system, and therefore the apparent motion of the planet. When 
D has moved to D', let V be the place of Ihe planet Pro- 
duce ED to S', and S' will be the place of the sun ; because 
the time of describing the deferent is liie same aa the period of 
ihe sun's motion. The angle V'D'E will answer to the angle 
gained by the planet on the earth in Art. 97, and Fig. 14. 
Hence if the radius of the deferent ; radius of epicycle : : SE : 
SP {Fig. 14) : : distance of earth from sun : distance of planet 
from sun in the true system j the triangle EV'D' will be always 
equiangular to the triangle ESP; and therefore as we have 
shewn that the angle SEP rightly represents the elongation of 
the planet from the sun, S'EV will also rightly represent the 
elongation, and therefore this system will rightly represent the 
motion of the inferior planets. 

1 18. The motions of the superior planets were supposed to ' 
be in epicycles, each described in the time between two conjunc- ' 
tions or oppositions ; but the deferents were described in the 
same times as the pltoets revolve round the sun in the true sys- 
tem, that is, the epicycle of Saturn was described in 378 days, 
and the deferent in 29^ years. Let T>Ty (Fig. 20) be the de- 
ferent of a superior planet, M the planet in opposition, the sun 
being at S, When the centre of Ihe epicycle is at D', let M' 
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be the place of the planet and S' that of the sun, produce IVE 
to P. Then M'DE will answer to the angle gained by the 
earth on planet in ArL lOl.andFig. 16, but S'ES — DED' = 
angle gained, because the deferent is described in the periodic 
time of the planet Hence M'D'E = SES ~ PES = PES' : 
therefore I/M' and S'E are parallel, and consequently M'ES'= 
lyM'E. But if the radius of the epicycle : radius of the de- 
ferent : : SE : SN (Fig. 16) : : distance of earth from sun : 
distance of planet from sun in true system ; the triangle ED'M' 
will be always equiangular to SEN (Fig. 16). Hence D'M'E, 
and therefore S'EM' will always shew the true angular distance 
of the sun from the planet, and so the motions of the superior 
planets will be rightly represented. 

1 19. There are some circumstances in the Ptolemaic system 
that ought naturally to have led to the true system. The for- 
mer determines nothing with respect to the distances of the pla- 
nets from the earth ; it only requires that the proportion of the 
radii of the deferent and epicycle be such as to represent the 
' motion for each planet. The distances therefore are arbitrary. 
If we take the radius of the deferent of an inferior planet equal 
to the radius of the sun's orbit, we immediately have the inferior 
planets revolving round the sun, while the sun is carried round 
the earth, according to the reported system of the Egyptians, 
lliis simplification of the Ptolemaic system with respect to the 
inferior planets is so obvious, that we may suppose it soon oc< 
curred without any reference to the Egyptian system, and to have 
been the first advance toward the true system. We know it is 
mentioned by Martianus Capella, who appears to have lived in 
the fifth century, and by others long before the time of Coper- 
nicus. If we take Ihe radius of the deferent of a superior pla- 
net equal to the planet's true distance from the sun, the radius 
of the epicycle for each planet will be the earth's distance from 
the sun. This striking circumstMice might have led Copemi- 
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cus to simplify the system, by giving a motjon to the eartli, by 
which one circle is made to serve the purpose of several equal 

120. Altliough the Ptolemaic system explains the general 
appearances with much simplicity ; yet when it was applied to 
explain those appearances which arise from the inclination of 
the orbits to the ecliptic, from the eccentricities and the une- 
qual motions in those orbits, the introduction of other circles 
beside the deferent and epicycle being necessary, the system be- 
came very complex, and much ingenuity and mathematical sa- 
gacity were shewn in adapting it to diflerent circumstances. 
Had the instruments now in use then existed, a very few obser- 
vations would have been sufficient to have completely over- 
thrown all those speculations. But the state of instruments and 
of observations was such in the time of Copernicus, after whom 
the true system has justly been named, that he could use scarcely 
any arguments m support of his system but what he derived 
from its simplicity. It was only a short time before his death, 
in 1543, at the age of 71, he ventured to propose his system to 
the world, in his work entitled "De Revolution ibus Orbium," 
after having meditated upon it above 36 years. It does not 
seem to have made much impression till above half a century 
after, when Galileo, aided by his telescope, was enabled to bring 
most powerfiil arguments in favour of it. His observation of 
the gibbosity of Venus was decisive in favour of the motion of 
Venus about the sun. Had the motion of Venus been accord- 
ing to the Ptolemaic system, it must always have appeared in a 
telescope as a crescent 

121. Tlie ancients observing that the planets moved faster 
or slower according to the place of the ecliptic they were in, 
when in opposition, or near conjunction, named this th&fir&t 
ineqiuUity. The retrograde, stationary, and direct appearances 
they called the second inequality. Copernicus, who conceived 
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that the celestial motions were necessarily performed in circles, 
was obliged to retain epicycles to explain the first inequality. 

132. Although there was nothing in the Ptolemaic system, 
that could properly lead to the knowledge of the actual distances 
of the planets from the earth ; yet aa the system appeared very 
imperfect without it, astronomers substituted an hypothesis rest- 
ing on no foundation. They imagined that the convex boundary 
of the space, within which the epicycle of a planet performed 
its motion, was the concave boundary of the space belonging to 
the next ; and as they knew, although inaccurately, the distance 
of the moon, they obtained from it the distance of Mercury ; 
from the distance of Mercury Uiat of Vraius, &c. The dis- 
tances obtained in this way did*ered extremely, as might be ex- 
pected, from the truth. Till therefore the Copemican system 
was established, nothing whatever was known with respect to 
the actual distances, and consequently the magnitudes, of any of 
the planets. But the distances of the sun and moon, although 
very inaccurate, were deduced from just principles. 
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CHAPTER VIH. 



ON THE SECONDARY PLANETS AND MOON — ATMOSPHERES OF PLA- 
NETS — RINGS OP SATURN — COMFFS. 

123. Four small stars, only visible by the help of telescopes, 
always accompany Jupiter, and are continually chan^ng their 
positions with respect to each other and Jupiter. They are call- 
ed satellites and secondary planets. The first satellite is that 
which elongates itself least from Jupiter, &c. They clearly 
shew that Jupiter is an opaque body Milightened by the sun; 
for when they intervene between him and the sun, they project 
a shadow on his disc. They themselves are also opaque bodies 
illuminated by the sun ; for when the planet intervenes between 
any of them and the sun, they are eclipsed. The phsenomena 
prove that they revolve about their primary at different distances 
in orbits nearly circular, while they are carried together with 
their primary about the sun. Their orbits are inclined to the 
plane of Jupiter's orbit, as is concluded from the unequal dura- 
tions of the eclipses of the same satellite. The fourth satellite 
is sometimes in opposition to the sun, without being eclipsed. » 
This is owing to the inclination of its orbit and great distance 
Irom Jupiter. The third and fourth satellites disappear and 
re-appear on the same side of Jupiter. Only the begimiings or 
the endings of the eclipses of the first and second satellite are 
visible. 

124. Let S (Fig. 21) be the sun; IJupiter and its shadow ; 
A and P tlie earth before and after the opposition of Jupiter ; 

g2 
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sp the path of the first satellite in the shadow ; At a tangent to 
Jupiter. When the first satellite enters the shadow, the appa- 
rent distance of the satellite irom the body of Jupiter is (As ; 
but at its emersion, the line pA always passes through Jupiter, 
and therefore the emersion is invisible ; but after opposition, the 
earth being at F, the emersion and not the immersion will be 
visible. The same things take place with respect to the second 
satellite. If mw be the path of the third satellite, miA frequently 
lies without the body of Jupiter, and therefore both the immer- 
sion and emersion are visible ; and the phaenomena are very 
striking, from the circumstances of the satellite disappearing 
and re-appearing at a distance from the body of Jupiter on the 
same side. The same may be observed with respect to the 
fourth satellite. Before the opposition of Jupiter to the sun, the 
eclipses happen on the west side of Jupiter ; alter opposition, on 
the east. If the telescope invert, the contrary takes place. 

12.5, It has long been suspected, that the satellites of Jupi- 
ter revolve on their axes; and lately Dr. Herschel has observed 
that each of them revolves in the time of its revolution round 
the primary." Their motions about the primary, and their mo- 
tions about their axes, are from west to east. 

126. Their distances in semi-diameters of Jupiter, and their 
periodic times are nearly as follow : 

Sal. DUl. Per. Sat, Mst Per. 

I - 6 - IMS" III - 14 - 7" 4* 

II - 9 - 3* 13" IV - 26 - 16^ 16" 

They must be very magnificent objects to the inhabitants of 

Jupiter. The first satellite appears to them with a disc four 

times greater than that of our moon appears to us, and goes 

through all the changes of our moon in the short space of 42 



> Phil. Tiani. IT9T, p«e« 332. 



b> Google 



CHAP. VIII.] SECONDARY PLANETS. 85 

hours, within that period being itself eclipsed, and causing an 
eclipse of the sun on the surface of Jupiter. 

127. The order of their magnitudes is 3*, 4'\ 1'*, 3'', ac- 
cording to Dr. Herschel, Their masses, that of the earth be- 
ing 1000, and therefore of the moon 14, are 

Sat. Mbu. Sat. Mass. 

"1 - - 5 III - - 27 

II - - 7 IV - - 13 

J 33. The satellites of Jupiter, at their greatest elongations, 
appear nearly in the direction of the equator of Jupiter, because 
the equator of Jupiter and the orbits of the satellites are inclined 
at small angles, to the plane of Jupiter's orbit. The direction 
of Jupiter's equator is marked by the belts of Jupiter, which are 
faint shades, parallel to each other, on the body of Jupiter, and 
which frequently undergo such changes, that they have been 
supposed to be somewhat of the nature of clouds in his atmos- 
phere } but, from some unknown cause, more permanent than 
our clouds. 

129. Galileo discovered the four satellites of Jupiter, Jan. 
7, 1610. This, which might naturally have been a source of 
delight, was at first a subject of disappointment. He supposed 
them to be fixed stars, and found, looking at them on the next 
night, tliat Jupiter was to the eastward of them, whence he con- 
cluded the motion of Jupiter direct ; whereas, according to the 
Copemican system, it ought then to have been retrograde ; but 
he soon discovered that the motion was in what he took for fixed 
stars, and announced his discovery to the world. Harriot also 
appears to have discovered them about the same time tliat Ga- 
lileo did. 



' These masses are according to tiie determinaltoD of H. La Place, (MecRn. Ce- 
. turn. 4, p. 126). It has been thought right to ineation (heir mauea, as well as 
u other particulars of the aatelUtes, Eiltbaugh Ihey require inveftjgatioaa that 
lid not properly be staled here. 
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This discovery was very important in its consequences. It 
furnished, as we shall see, a ready mQ^od of finding the longi- 
tude of places by means of the eclipses of the satellites that so 
frequently take place. This made tlie ecWpses be particularly 
attended to ; which led Roemer to discoter that the transmis- 
sion of light is not instantaneous ; and this led Bradley to ac- 
count for a small apparent motion of the fixed stars, called the 
aberration of light, which has furnished an independent proof 
of the motion of &e earth, as strong as that from physical con- 
siderations. 

130. Saturn has seven satellites revolving about him in orbits 
nearly circular. Of which the sixth is seen without much diffi- 
culty, and was called the Huygenian satellite, from having been 
discovered by Huygens. The 3d, 4th, 5th, and 7tfa were after- 
ward discovered. Dr. Herscbel discovered the first and se- 
cond. 

It has long been supposed that the 7th (formerly the dth) 
satellite revolved on its axis in the time of its revolution round 
Saturn. This has been confirmed by the observations of Dr. 
Herscbel. Tliese satellites, except the sixth, require a very 
good telescope to render them visible. On which account they 
have been much less attended to than the satellites of Jupiter. 
The distances from S&tum In semi -diameters of Saturn, and pe- 
riodic times, are nearly as follow : 

8aL Dist, Per. Sat Dial. Per. 



I 


2,8 . 


. waa" 


V - 


8,7 . 


. 4' 12» 


II - 


3,5 - 


1« 8' 


VI ■ 


. 20,3 ■ 


. 15' 321' 


III . 


. 4,8 . 


. 1'21» 


VII 


59,1 


. 79« 7» 


IV 


6,3 


■ 2« 17" 









131. Dr. Herscbel long ago discovered two satellites to the 
Georgium Sidus. Their orbits are nearly perpendicular to the 
orbit of their primary. He has since observed four others. 

The relation of the periodic times, and distances ofthe sa- 
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tellites from their primary, hcdds in all the secondaries of each 
planet respectively, 

132. Next to the sun, the most interesting to us, of all the 
celestial bodies, is our own satellite, ihe moon. It apparently 
describes, by a motion from west to east, on the concave surface 
of Ihe celestial sphere, a great circle nearly, intersecting the 
ecliptic at an angle of about 5°. This apparent motion is ex-i- 
plained by a real modon rouad the earth, in an orbit inclined to| 
that of the earth, at an angle of 5°. Tlie periodic time, or time of 
return to the same point of the concave surface, or the same fixed 
star, is 37 d. 7 b. 43 m. The variation of diameter shews the 
variation of distance is greater than the variation of the sun's 
distance. The greatest diameter is 33'^, least 29'4i and the 
mean 31'^, The moon is carried with the eartli in its annual 
motion round the sun. This necessarily follows, if the motion 
of the earth be granted, and is well illustrated by the motion of 
the satellites of Jupiter and Saturn. The apparent motion of 
the moon on the celestial concave surface varies considerably 
from its mean quantity, and its variations seem very irregular. 
Its greatest hourly motion in its great circle is 33' 40", its least 
27', mean 38* 56" ; so that in its mean quantity it moves over an 
areh equal to jts apparent diameter in about an hour. 

133. The intersections of its apparent path with the ecliptic, 
or the intersecUwis of it« orbit and tlie earth's orbit, called its 
nodes, are not fixed, but move backward, completing a revolu- 
tion in 6798 days = 18 years 228 days. If we conceive then, 
a great circle inclined to the ecliptic, at an angle of 5 degrees, 
and a body moving in this circle at the rate of about 33' in an 
hour, while the circle itself is carried backward with a slow mo- 
tion of 8" an hour, the path of this body on the concave surface 
will in some measure represent the path of tlie moon. The more 
accurate considerations of the lunar motions will be resumed 
hereafter. The full investigation of the motions of tlie moon is 
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one of tlie most intricate, and, as connected with Rnding the lon- 
gitude at sea, one of the most useful problems in astronomy. 
Perhaps in no instance has modem science reaped so much cre- 
dit as from the success that has followed the attempt to com- 
pletely develope the lunar motions. 

134. The phases of the moon are particularly interesting ; 
they prove the moon to be a spherical body illumined by the 
sun. When in conjunction with tbe sun, the moon is invisible : 
when, movingfroDi the sun toward the east, it is first visible, it is 
called the new moon, and appears a crescent : when 90 degrees 
from the sun it is halved, when more distant it is' gibbous, and 
when in opposition, It shines with a full face ; approaching the 
sun toward tlie east, it becomes again gibbous, then halved, and 
lastly a crescent, after which it disappears, from the superior 
lustre of the sun, and the smallness of the illumined part which 
is turned toward the eartli. 

135. The enlightened part varies nearly as the versed sine 
of the angle of elongation from the sun. It is proved in the 
same manner^ as for the planets, that the enlightened part varies 
as the versed sine of die exterior angle at the moon. But, this 
exterior angle is equal to the angle of elongation 4- angle sub- 
tended at the sun by the earth and moon. The latter angle ne- 
ver amounts to ICK, and therefore is inconsiderable. 

136. The time between two conjunctions or two oppositions 
called a lunation, and synodic month, is greater than the time 
of a revolution in tlie orbit, or the time of return to the same 
fixed star. Because, when tbe latter time is completed, the 
moon has to move a farther space to overtake the sun. 

Let S = period of sun's apparent motion about the earth. 
P = period of moon's motion about the earth. 
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L = period between conjunction and conjunction, or of 
a lunation. 

Then S : P : : 4 right angles : angle described by sun in tlie 
moon's periodic time = angle gained by the moon in the time 
L — P. 

But the angles gained by the moon are as the times of gain- 
ing them. Therefore, 

4 right angles : angle gained by moon in time L — P : : L : 
L — P. Hence 

'S:P::L:L — PorS:L::P:L — PorS:S+L:: 
P : L, therefore P = ^^^ = — ^^fg = 27 days, 7 hours, 

40 minutes nearly. 

137. In 19 solar years of 365^ days, theie are 235 luna- I 
tions and 1 hour. Therefore, con^dering only the mean mo- 
tion, at the end of 19 years, the full moons fall again upon the 
same days of the month, and only one hour .sooner. This is 
called the Metonic Cycle, from Meton, who published it at the 
Olympic Games, in the year 433 B. C, This period of 19 years ' 
has been always in much estimation for its use in forming the ! 
calendar ; and from that circumstance, the numbers of this 
cycle have been called the golden numbers. 

138. The cause of the appearance of the whole moon, ob- 
served a few days before and after the new moon, is the reflec- 
tion of light from the earth. When the moon becomes craisi- 



* Or thiu : — The aeparatlaa in the unit of time 

hence we have — — — =: L and therefbie P = 
P S L 

may be computed aa folloni ; let the mean daily moliona of ihe aun and moon about 

the earth be a and A, then in the lime L the separation nill be L. (6 — a}^ SeC-, 

ihereioreLs — ._Ed. 



byGoogIc 



90 ELEMBNTS OF ASTRONOMY. [cHAP. VIU- 

derably elongated from the sun, it is then out of the way of this 
reflection. This phsenomenon afTords a remarkable proof, that 
of two objects of the same magnitude, the brighter object ap- 
pears larger. 

139. One of the earliest attempts upon record to discover 
the distance of the sun from the earth, was from observiog when 
the moon was exactly halved or dichotomised. At that time 
the angle at the moon, formed by lines drawn ^m the moon to 
the sun and earth, is exactly a right angle ; therefore if the elon- 
gation of the moon from the aun be exactly observed, the dis- 
tance of the sun from the earth will be had, that of the moon 
being known, by the solution of a right angled triangle, that is, 
sun's distance : moon's distance : ; rad ; cos. moon's elongation. 
The uncertainty in obsCTving when the moon was exactly dicho- 
tomised, rendered this method of little value to the ancients. 
However, by the assistance of micrometers, it may be perfMTned 
with considerable accuracy. Vendelinus, observing at Majorca, 
the climate of which is well adapted to observation, determined, 
in 1650, the sun's distance, by this method, very considerably 
nearer than had been done at that time by any other method. 

This method is particularly worthy of attention, being the 
first attempt for the solution of the important problem of finding 
the sun's distance. It was used by Aristarchus of Samos, who 
observed at Alexandria, about 280 years before the commence- 
ment of the christian sera. 

140. Viewing the moon with a telescope, several curious 
phenomena ofl'er themselves. Great variety is exhibited on her 
disc. There are spots di tiering very considerably in degrees of 
brightness. Some are almost dark. Many of the dark spots 
must necessarily be excavations on the surface or valleys between 
mountains, from the circumstances of the shades of light which 
tiiey exhibit. There is no reason to suppose that there is any 
large collection of water in the moon ; for if there were, when 
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the boundary of light and darkness passes through it, it must 
necessarily exhibit a regular curve, which ia never observed. 
The non-existence of large collections of vrater is also probable 
from the circumstance of no changes being observed on her sur- 
fiice, such as would be produced by vapours or clouds ; for, al- 
though, as will be remarked, the atmosphere of the tnoon is 
comparatively of small extent, yet it is probable tiiat an atmos- 
phere does exist. 

141. That there are lunar mountains is strikingly apparent, 
by a variety of bright detached spots almost always to be seen 
on the dark part, near the separation of light and darkness. 

These are tops of eminences enlightened by die sun, nUle 
Hieir lower parts are in darkness. But sometimes light spots 
have been seen at such a distance from the bright part, that 
they could not arise from the light of the sun. Dr. Herschel 
has particularly noticed such at two or three diSerent times. 
These he supposes are volcanoes. He measured the diameter 
of one, and found it =: 3", which answers to four miles on the 
surface of the moon. 

143. The heights of lunar mountains may be ascertained by 
measuring with a micrometer the distance between the top of 
the mountain, at the instant it first becomes illuminated, and the 
circle of light and darkness. This measurement is to be made 
in a direction perpendicular to the line, joining the extremities 
of the horns. 

Let ADB (Fig. 22) be the circle of light and darkness, T 
the top of a mountain just illumined by the ray DT coming in 
a directum perpendicular to the plane of the circle ADB, and 
being a tangent to the surface at D. Let S be at the sur&ce, 
or the bottom of the mountain, and C the centre of the moon ; 
then (by Euclid, 3 B. 36.) TS (TS + 2CS) = DT* or, TS be- 
ing very ranall compared with CS, TS X 2 CS = DT*, or TS= 

DT* 

2Qg- We cannot measure DT directly, because we observe 
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only the projection of DT on the plane of the circle of vision 
AOB, Now DT is perpendicular to the plane of the circle 
ADB, and therefore mokes an angle with the plane of the cir- 
cle of vision = the complement of the spherical angle OAB. 
Therefore DT observed = DT X sine OAB = DT X sine" of 
the angle ofelongation of the moon from diesun. Hence DT = 

DT observed , , __ (DT observed)* 

-^-^^^ and consequently TS = ^^^_^-j^ 

Old writers on astronomy, when mentioning this problem, 
have not considered that the projection of DT was only mea- 
sured, and not DT itself, as has been remarked by Dr. Her- 
sdiel. Their methods therefore only held when the moon was 
elongated 90" from the sun."" 



• Art 13S. 

'' Ricdolue menlionB Ibat, on ibefaurlh day after new moon, he obaervedthe top 
of Clie bill, called St. Cntherine's, lo be illuminated, and that it wu distant from the 
conSnee of the lucid part, aboul a sixteenth of Uie moon'a diameter. Hence com- 
putii^ according to his method, that is, nippoaiag DT ilseir^ part of the mooa'a 
diameter, and calling the moon's diameter unity, 
' TS = ^X^=iis pan ofthe moon's diameter, and as the moon's diameter := 
2000 miles nearly, TS = ?^ = 8 miles nearly, the height of St. Catherine's accord- 
ing to Ricciolus : but on the fourth day afier new moon, the moon could not be far- 
ther elongated Irom the sun than 48°. Therefore TScould not be less Chan . ""?; 

^ f 7Ji' ~ ^^' '"''" ''**''y- But later astronomers are not inclined lo allow of £0 
great an elevation to any of the lunar mountains. Dr. Herschel investigated the 
height* of a great many ; and he thinks that, a ftw excepted, they generally do not 
exceed half a mile. But there seems to l>e little doubt that there are mountains on 
the surface of the moon, which much exceed those on the surface of our earth, tak- 
ing into consideration the relative magnitudes of the moon and earth, M. Schroeter 
determined the height of one, called Leibnin, to be 25,000 feet, whereas the height 
of Chimboraio is not 20,000 feel : so thai, taking into consideration the relative 
magnitudes of Ihe earth and moon, this lunar roounttuQ will be five times higher 
than any of the tcrieatrial mounUina. 
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143. It is not the least remarkable circumstance of the moon, 
that it always exhibits nearly the same face to us. We always 
observe nearly die same spots, and that they are always nearly 
in the same position with respect to the edge of the moon. 
Therefore as we are certain of the motion of the moon round the 
earth, we conclude that the moon must revolve on an axis nearly 
perpendicular to the plane of her orbit, in the same time that 
she moves round the earth, viz. in 27J days. This must neces- 
sarily take i^ce in order that the same face may be continually 
turned toward the earth during a whole revolution m her orbit. 
The motion of the moon in her orbit is not equable, therefore if 
the rotation on her axis be equable, there must be parts in her 
eastern and western edges, which are only occasionally seen. 
These changes, called her libration in longitude, are found to 
be such as agree with an equable motion of rotation. There 
are parts about her poles only occasionally visible. This, called 
her libration in latitude, arises from her axis being constantly 
inclined to the plane of her orbit, in an angle of 86°. A divr- 
nal libration also takes place ; at rising, a part of the western 
edge is seen, that is invisible at setting, and the contrary takes 
place with respect to the eastern edge. This is occasioned by 
the cliange of place in the spectator, occasioned by the earth's 
rotation. 

144. A few remarks may be here made concerning the rising 
and setting of the moon, at different seasons, and of some other 
circumstances of moon-light. 

The rising and setting of the moon is most interesting at and 
near full moon. At full moon, it is in or near that part of the 
ecliptic, opposite to the sun. Hence at full moon, at midsum- 
mer, it is in or near the most southern part of the ecliptic, and 
consequently appears but for a short time above the horizon ; 
and so there is little moon-light in summer, when it would be 
useless. In mid-ninter, at full, it is near or in the northernmost 
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part of the epliptic, and therefore remains long above the hori- 
zon, and the quantity of moon-light is then greatest when it is 
most wanted ; and this is the more striking, the nearer the place 
is to the north pole. There, at mid-winter, the moon does not 
set for fifteen days together, namely, from the first to the last 
quarter. 

145. The moon, by its motion from west to east, rises later 
every day, but the retardations of rising are very unequal. In 
northern latitudes, when the moon is near the vernal intersection 
of the ecliptic and equator, or the beginning of Aries, the retar- 
dation of rising is least, and when near the beginning of Libra, 
greatest. This will appear by considering that when Aries is 
rising, the part of the ecliptic below the horizon makes the least 
angle with the horizon, and when Libra is rising, the greatest* 



» Taexpl^n this more fully, let H' CB (Fig. 23) represent ft pordon of tbehori- 
»>ii,CL ft portion of the ecliptic when the b«giiimiis of Aries 1b at C, and CUN' a 
portion of the equftlor. Suppose the mooa to rise at C on one night, then after a 
revolution of the concave surface, the circles will come again into the BBme position 
with respect to the hariion, but the moon will have ftdranced, suppose to L (in lb[s 
lUuBtnitioD -we conuder llie moon as moving in the ecliptic). Let HL he a parallel 
to the equator, then on the second night the moan will rise nearly at H, and there- 
fore HM and LX being secondftries to the equator, MN -f- 2S'' SB" or CN — CM -f- 
23I1 58'" will be the interval elapsed between two successive riaiogs. If CI/ be a 
portioii of the ecliptic when the moon in Libra is riBing, and L' the place of ^le 
moon on the second night, then H' will be nearly the place of its rising, and the in- 
terval will be M'N+23''50■•orCN-^ CM'-f-23''56"'. It will readily appear that 
CU'siCMibecauseLN^I/N nearly. Hence the reUrdation, when the moon 
liaea in Libra, iigreater than the retardation when the moon is in Aries, by SCM 
reduced to time. It is easy to see that tliese are the two extremes of retardation. 
The angle ICN = obliquity of the ecUptie, and H'CM' = HCM = compL of Lftt. 
Hence by spherical trigonometry, 

sine LN (HM) = sine ob. eel. X sine CL. 

Un. CN =:co>. ob. eel. X tan. CL. 

sine CM =B tftn. lat. X Un. HM. 
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146. The variation of the retardation of rising, according as 
the moon is in or near different parts of the ecliptic, being un- 
derstood, the explanation of the harvest moon is very easy. 

At the full moon nearest the autumnal equinox, the moon is 
observed to rise nearly at sunset, for several nights together. 
This moon, for its uses in lengthening the day, at a time when 
a continuance of light is most desirable to assist the husbandman 
in securing the fruits of his agricultural labours, is called the 
harvest moon. 

ITie moon, at full, being near fte part of the ecliptic, oppo- 
site to the sun, and at the autumnal equinox the sun being in 
Libra, consequently the moon must be then near Aries, when, 
from what has been stated, the retardation of her rising only 
amounts to a few minutes ; and as the moon at full always rises 
et sunset, the cause of the whole phenomenon is apparent. In 



Now CL in iU mean quantity i« about I2'>, Bad therefore for let. 93°, S3', we sbtill 

find b; actual computalion, 

CN=all- 2" ~»HenceCN — CM = i"38'orintiine=18-32' 

CM= 6 24 j'andCS + CM=17"26'i>rintBDel»9"44" 

Hence the inletval between the rising of the moon on two diffirent nighti, when 
in Ariei^23'56'°+-lSj'"^34'' 1 41™ nearly, and the retardation is only 141". 
When the moon rises in Libra, the interval is 23' S8" + 1" 9J-»,= 25" SJ", and 
die reUrdation is li- 6J"." 

i Thi* difieience ia ilill grealer, the nearer we approach the Arctic drcle, and there 
ik retardation of riaiog, when in Aries, becomes imaller, tor then HCN (the 
jKip.oflBt.) approBchei to equality with LCN, the obliquity of the ecliptic ; and 
^■efore the points H and L approach eacli other, and consequently HN becomes 
^her. At the Aicdc circle Itself, the ecliptic coincides with the horixon, when 
Art^ Is riung, and MN vanishes, and therefore the intenal between two aucces- 
«ve iiaings is only 23>> 56". So that there the moon actually rises four minutes 

■ This efitcC will be increased fVom the inclination of the moon's orbit to Ihe 
ecliptic, when Che ascending node is between Capricorn and Cancer, and decreased, 
when between Cancer and Capricorn. 
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places near the Arctic circle the phaenomenon is still more 
striking, and there it is of greater use, where the changes of 
seasons are much more rapid. 

ON THE ATMOSPHERES OF THE PLANETS AND MOON. 

147. In tracing analogies between the planet on which we 
live and the other planets, we naturally enquire respecting their 
atmospheres. 'Die atmosphere which surrounds the earth has 
such various and important uses, that we can hardly suppose the 
planets destitute of an element, of which we know not whether 
the simplicity of construction, or the complicated advantages of 
it, are most to be admired. 

We can ascertain that Venus, Mars, and Jupiter are sur- 
rounded by transparent fluids, which reflect and transmit light, 
and are therefore, according to much probability, of the same 
nature as our atmosphere. 

The spots and belts of Jupiter are not exactly stationary on 
his disc, but are observed to undergo changes and small mo- 
tions similar to what would be observed, from a distance, of the 
clouds of our atmosphere ;. whence they are supposed to be 
clouds in his atmosphere; from some cause unknown to us, 
more permanent than any of the clouds of the earth. From ob- 
serving the revolutions of some spots at different times. Dr. 
Herschel has discovered a djflerence very similar to what would 
arise, did monsoons take place in the atmosphere of Jupiter, as 
diej do in that of the earth. 

Appearances in Mars strongly indicate the existence of an 
atmosphere. A small star, hid by Mars, was observed to be- 
come very faint before its appulse to the body of Mars. 

But the existence of an atmosphere about Venus, as dense, 
or probably denser than that of the earth, seems to be put be- 
yond all doubt, by the observations of M. Schroeter. He, for 
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a series of years, observed Venus with great attention with re- 
flectmg telescopes of his own and of Dr. Herschel'a making, 
and also with achromatic telescopes. 

The" results of his observations are, that Venus revolves on 
an axis, in 23'' 21" ; has mountains like the earth, and enjoys a 
twilight. He, in several fevourable circumstances, when Venus 
was seen a thin crescent, measured the e\tensi<Ht of light beyond 
the semicircle of the crescent, and foimd it to be such, that the 
observed zone of Venus, illuminated by twilight, must have been 
at least four degrees in breadth. Now for the twilight to be 
seen by us through the atmosphere of Venus and our own, ex- 
tending through such an arch, makes it very probable that the 
inhabitants of Venus enjoy a longer twilight than those of the 
earth, and that her atmosphere is denser. 

148. The e3tiatence of an atmosphere in some of the planets 
being ascertained, we are led to make inquiry with respect to the 
satellites. We can have little hopes of being able to ascertain 
die point, except in our own satellite, Ae moon. 

Many astronomers formerly denied the existence of an at- 
mosphere at the moon ; prindpally, irom observing no variation 
of appearance on the surface, like what would teke place, did 
clouds exiat as with us : and also, from observing no change in 
the light of the fixed stars on the apjn-oach of the dark edge of 
the moon. The circumstance of there being no clouds, proves 
either that there is no atmosphere similar to that of our earth, 
or that there are no waters on its surface to be converted into 
vapour : and that of the lustre of the stars not being changed, 
proves that there can be no dense atmosphere. But astrono- 
mers now seem agreed that an atmosphere does surround the 
moon, although of small density when compared to that of our 



> Phil. Team. 17SJ. 
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earth. M. Schroeter has obserred a small twilight in the moon, 
such as would arise from an atmosphere capable of reflectuig 
the rays at the hei^t of about a mile. 

Had the moon an atmosphere of considerable density, it 
would readily be discovered by the durations of the occultations 
of the fixed stars. The duration of mi occultation would be sen- 
sibly less than it ought to be, according to the diameter of the 
moon. The light of the star passing by the moon would be re- 
fracted by the lunar atmosphere, and the star rendered visible 
when actually behind the moon ; in the same miumer as the re- 
fraction by the earth's atmosphere enables us to see the celestial 
objects for some minutes after they have actually sunk below 
our horizon, or before they have risen above it Now the du- 
ration is certainly never lessened eight seconds of time, which 
proves that the horizontal refraction at the moon must be less* than 
3", which therefore shews that if a lunar abnOE^here exists, it must 
be 1000 times rarer than the atmosphere at the surface of the 
earth, because the horizontal refraction by the earth's atmos- 
phere is nearly 2000". With such a rare atmosphere, the lunar 
inhabitants must be deprived of many of the advantages we en- 
joy, from the existence of our own. Indeed the loss of one ad- 
vantage, that of twilight, is, on account of the length of their day, 
not of much consequaiee, and from the apparent irregularities 
of the lunar surface so much light may be reflected, that the as- 
sistance of the atmosphere to make day-light, may not be so ne< 
cessary as with us. 

149. The existence of a solar atmosphere is also made pro- 
bable by some circumstances, or an atmosf^ere external to the 
luminous atmosphere, which, according to the opinion of many 



* For the duradon being leMcned by 8", the bepnning of the occultadon would 
be retarded 4" of time, during vrhlcb the moon moves over 2" of BpBce. 

Thii seema to be cauaed by a double horiionta] reliaction, if to the lun v stmoa- 
pbere must be 300D timei rarer than the terreBtrlHl Ee. 
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astronomers, covers the opnquo body of the sun. Bougier, by 
some curious experiments, on the light of different points of tlie 
disc of the sun, found the light from the centre stronger than 
from the borders, which seems to shew that the light from tlie 
borders is rendered weaker by an atmosphere. 

OP THE RINGS OF SATURN. 

150. Soon after the invention of telescopes, a remarkable 
appearance was observed about Saturn. After a considerable 
interval of time, Huygens having much improved them, disco- 
vered, by careful observations, a phienomenon unique, as far as 
we know, in the solar system. He found that Saturn is encom- 
passed with a broad thin ring, inclined by a constant angle of 
about 30" to the plane of Saturn's orbit; and therefore at nearly 
the same angle to our ecliptic, and so always appearing to us 
obliquely. When its edge is turned toward us, it is invisible, 
on account of its thinness not reflecting light eitough to be visi- 
ble, except ui the very best telescopes. When the plane of the 
ring passes between the earth and sun, it is also invisible, be- 
cause its enlightened part is turned from us ; and when it passes 
through the sun, it is also invisible, the edge being only illumi- 
nated ; so that it may have, in the same year, two disappearances 
and re -appearances. This takes place when Saturn is near the 
nodes of the ring. 

151. The ring is a very beautiful object, seen in a good te- 
lescope when in its most open state. It then appears elliptical, 
its breadth being about half its length. Through the space be. 
tween the ring and the body, fixed stars have sometimes been 
seen. The surface of the ring appears more brilliant than that 
of Saturn himself. 

153. Among the numerous discoveries of Dr. Herschel, 
those he has made with respect to Saturn and his ring are not 
the least He has ascertained that the rmg, which heretofore 
h3 
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had generally been supposed single, consists of two exactly in 
the same plane, Bod that these botti revolve on their axes* in the 
same time as Saturn, and in the plane of Saturn's equator. He 
also saw the ring when it had disappeared to other observers, 
either &om the reflection of &e edge, or from flie dark aide en- 
lightened by the reflection of Saturn, as we see the whole moon 
near new moon. He observes that the ring is very ihin, com- 
pared with its width, its thickness being only about 1000 miles. 
The outside diameter of the larger ring is - 200000 

Its width 6700 

Distance between rings ... 2800 

Outside diameter of smaller ring - - 180000 

Its width - - - - - 19000 

At the mean distance of Saturn, the apparent diameter of 
the larger ring b 47"^ . 

153. Dr. Herschel tells ua, he suspects two rings to the 
Georgium Sidus, perpendicular to each other, but at present 
can only hint at so curious a circunistance. 

ON COHSTS. 

154. Comets are luminous bodies, occasionally appearing, 
and generally in the part of the heavens, not far from the sun. 
They are not so bright as the planets, but have somewhat of a 
nebulous appearance. They do not appear long together ; some 
are seen only for a few days, and those that appear longest, only 
for a few months. It is probable that they receive their light 
from the sun, althou^ this cannot be exactly proved. In the di- 
rection of their motion about the sun, they differ from the planets, 
some being direct, and others retrograde. Their paths, with 
respect to the ecliptic, are also very difiFerent : some move in a 



■ It ought to be noticed that thii is doubted by Harding and Scbroeler. Sec 
Cddq. dei. Temp. 1803, p. il9. 
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direction nearly perpendicular to it. But the most striking 
phtenomenon, and what mekea them objects of attention to all 
mankind, ia the tail of light which they often exhibit. When 
approaching the sun, a nebulous tail of light is se«i to issue 
from tliem in a direction opposite to the sun : this, after having 
increased, agmn decreases till it disappears. The stars are vi- 
sible through it. 

155. Vefy many comets have been recorded in history; 
the motions of at least one hundred have been computed. It 
may be sufficient to observe here, that they move about the sun 
in eccentric ellipses, the sun being in one of the foci. The other 
comdderations of their orbits and motions, are deferred till after 
the account of the discoveries of Kepler. Little would have 
been known on this subject but for the discoveries of Kepler and 
Newton j and although the discoveries of Kepler might by 
analogy have led to a knowledge of the motion of comets, yet 
nothing ofconsequence was done till Newton himself illustrated 
tlie subject. 

156. The appearance of one comet has been several times 
recorded in history, viz. the cometof 1680. The period of this 
comet is 575 years. It exhibited at Paris a tail 63° long, and at 
Constantinople one of 90°. When nearest the sun it was only 
^ part of the diameter of the sun distant from his surface ; when 
farthest, its distance exceeded 138 times the distance of the sun 
from the earth. 

157. When the theory of the motion of comets was under- 
stood, Dr. Halley examined the comets that had been previously 
recorded in history, and been observed by astronomers. In ge- 
neral, he found the circumstances so vaguely delivered, or the 
observations so inaccurately made, that he was able to deter- 
mine with much probability the identity of only one comet. 
He supposed also thattiie comets observed in 1532 and 1661 
were the same, and, that therefore it might be expected again 
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in 1789 ; but it did not appear. However Dr. Halley was very 
doubtful of their identity, on account of the imperfection of the 
observations of Apian in 1533. Farther notice will be taken of 
this, when we mraition more particularly the return of comets. 
TTie comet, which Dr. Halley predicted with a degree of confi- 
dence, returned in 1759. It had been previously observed with 
accuracy, in 1682 and 1607, and had also been noticed in 1531, 
1456, and 1305. Its return was anxiously looked for by astro- 
nomers, and some curious circumstances attending it will be 
afterwards noticed. With what satidaction it was received by 
the scientific part of mankind may easily be conceived, and how 
strikingly contrasted with the reception of the same comet in 
1456, when all Euro}}e beheld it with fear and amazement. 
The Turks were then engaged in the successful wBr,in which they 
destroyed the Greek empire ; and Chri^ans in general thought 
their destruction portended by its appearance. We may be 
nearly certain that this comet will re-appear again in 183#.^A"^ '' 

158. With respect to the tails of comets, little satisfactory 
can be offered, in recording the various opinions on this subject. 
According to Sir Isaac Newton, they arise from a thin vapour, 
sent out from the comet, by the heat of the sun, and supported 
in the solar atmosphere. 

This hypothesis has been controverted by several authors, 
and very ably by Dr. Hamilton, late Bishop of Ossory. 

Dr. Hamilton supposes the tails of comets, the aurora bo- 
reaiis, and the electric fluid, to be matter of the same kind. 
He supports this opinion by many strcsig arguments, which are 
found iu his ingenious essay on die subject. Accordbg to his 
hypothesis, it would follow, that the tails are hollow ; and there 
is every reason to suppose this, from the scarcely perceptible di- 
minution of the lustre of the stars seen through them. He sup- 
poses that the electric matter, which continually escapes from 
the plwiets, is brought back by the assistance of the comets. 
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But much 19 yet to be known on this subject. Objections 
may be made to his hypothesis, althou^ bo ingeniously sup- 
ported. According to the opinion of Kepler, the rays of the 
sun carry away some gross parts of the comet, which reflect 
other rays of the sun, and give the appearance of a tail. 
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CHAPTER IX. 



CONBIDERATION8 ON THE SOLAR SYSTEM AND FIXED STARS. 

159. Many of the princip«l phenoniena have now been ex- 
amined, and the chief steps gone over, by which we arrive at 
the true arrangement, and motions of the bodies, that, on first 
viewing the heavens, are considered as all placed in the imagi- 
nary concave surface. The true motions have been distinguish- 
ed from the apparent, and the magnitudes of the sun, moon, and 
planets have been ascertained, as also their situation with res- 
pect to the planet on which we lire. This arrangement, that, 
with reference to the Sun, ought strictly to be called the Solar, 
is usually called the Copemican system. To give due honour 
to the memory of the dis(»verer, this name ought to be pre- 
served ; but, in retaining it, especial care eiiould be taken, that 
the name attached may not occasion it to be ranked as a system 
of conjecture. It is not a system of hypothesis, but the system 
of nature. 

160. The next steps in the science are the considerations of 
those observationsj by which the moti(»is of the celestial bodies 
may become more accurately known. An accurate knowledge 
of the laws of their motions is necessary to point out their places 
at any future period, and predict those phaenomena which are a 
source of delight to the learned, and of fear to the ignorant 
Long suice mankind applied the moticms of the celestial bodies 
to assist the sciences of Geography and Navigation. In more 
modem times it has been found, that the improved state of these 
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sciences requires a most accurate knowledge of the places and 
lEotions of those bodies, lliis has called the attention of astro- 
nomers and mathematicians to more particular exertions, and we, 
la^bably, owe thereto many most valuable discoveries, which, 
although not magnificently striking, are such as the mind must 
dwell upon with much pleasure; and which, perhaps, withoi^t 
the motive of utility, the love of science might not have investi- 
gated. Before we proceed to these parts, let us take a short 
review of the Solar or Copeniican system, and of ^me circum- 
stances connected therewith, which, if not equally certain, are 
many of them highly probable. 

161. The earth, a spherical body of vast magnitude, when 
measured by our ideas, revolves on an axis in 23" 56°*, eucces- 
sively exposing its different parts to the light and influence of 
the sun, about which it moves annually in an orbit nearly circu- 
lar, to which its axis is inclined at an angle of 66° SS*, and by 
its inclination causing the changes of seasons. It is attended by 
the moon, a spherical body, the magnitude of which Js^thatof 
the earth,and which, moving round the earth in amonth,iscarried 
together with it annually about the sun. The moon, by affording 
light during the absence of the sun, and by moving the waters of 
the ocean, is of great utility to the inhabitants of the earth. 
Yet we must not judge that for these causes solely the moon 
was formed : doubtless much weightier causes lie hid in the 
counsels of the Almighty, some of which at a future day it may 
be permitted to man to know. We perceive that in many res- 
pects it differs from the earth : it revolves about its axis in a 
much longer period : it is nearly destitute of an atmosphere : 
the irregularitieB of its surface are much greater than those of 
the earth : and probably it has no fluids on its surface similar 
to our own. 

162. But Hie planets which revolve about the sun, we may 
consider as serving the same ends in the creation, as our earth. 



b> Google 



106 ELEMENTS OF ASTRONOHY. [CHAF. IX. 

In them we contemplate the noble spectacle of t«) great bodies, 
revolTiDg together with the earth round the sun, at di&rent dis- 
tances, and in different periods, but presaring a certain relation 
between their periods and distances. Of these Ceres, Pallas, 
Juno, and Vesta, are far less than the earth, but perform their 
revoluticHis round the sun, by precisely the same laws as the 
other planets.* Mercury and Mars are also less than the earth, 
and Venus nearly equal. Jupiter, Saturn, and the Georgium 
Sidos are considerably larger. Jupiter has four bodies carried 
with him round the Sun, and, as far aa we can judge, subservient 
to the same ends as our moon. Saturn has seven, besides a 
dottle ring of stupendous dimensions; of the use of this, our 
limited knowledge will not permit us to judge ; we can only 
perceive that it must, by its light, be most grateful to the inha- 
bitants of the planet The Georgium Sidus, so lately pointed 
out to our view, although in surface sixteen times, and in mag- 
nitude sixty-four times, larger than our earth, has sis. satellites 
visible to us : and their number will probably be increased with 
the goodness of our telescopes. 



' The v«i7 tmall msgnltudei of tbe new ploneU Ceres and Pallu, and their 
neatly equal diatancea ftom the tun, induced Dr. Olberi, nho discovered Pallu Id 
I sot nearly in the lame place where he bad olmrved Ceres a few montbi before, to 
conjecture that they were the bagmenU of i lar^ planet which had, b; some ud- 
hoown cauae, been broken in peau It followi liom the law of Qravitjr, by nhich 
the planela are retained in their orbiti, that each fragment would again, afler every 
lavolution about the aun, paaa nearly thiough (be place In which (he planet wu 
when the rataatropbe happened, and bendet the oibit of each fragment would inter- 
lecttheconllnualion ottbe line joining Ihii place and the (un. Thence it wueasy 
toaieertain the two particular regloni of the heavena through wbich aU theM Crag- 
menti would paaa. Alao by carefully noting tbs amall atara thereabout, and examin- 
ing them from time to time, it might be expected that more of the fragmenti would 
be dlicavered. — Mt. Harding diacoveied the planet Juno in one of these regions, and 
Di. Olberi himielf alio, by carefully examining them from lime to lime, discovered 
Vejta. 
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163. In all theso bodies, judging from an&logy, probably 
the same admirable varieties of animate and inanimate beings 
are exhibited which we behold on this earth. We know that 
several of them revolve on their axes, that their times of revolu- 
tion are not very different from that of the earth, and that th^ 
are surrounded by atmospheres. Mars and Saturn have nearly 
the same variety of seasons as the earth. Jupiter considerably 
less. Venus has an atmosphere and momiteins, and revolves on 
an axis. 

We have no argument against the {Janets being inhabited by 
rational beings, and consequently by witnesses of the Creator's 
power, magnificence, and benevolence, unless it be said that 
some are much nearer the sun than the earth is, and therefore 
must be uninhabitable from heat, and those more distant from 
cold. Whatever objection this may be against their being in- 
habited by rational beings, of an organiEation simUar to those 
on the earth, it can have little force, when urged with respect to 
rational beings in general. But we fiiay examine, without in- 
dulging too much in conjecture, whether it be not possible that 
the planets may be possessed by rational beings, and contain 
animals and vegetables, even little different from those witli 
which we are familiar. 

164. On our earth the influence of the sun causes the heat 
of summer, and, from its absence, the cold of winter takes place ; 
but is the sun the principal cause of the temperature of the 
earth ? We have reason to suppose that it is not Hie mean 
temperature of the earth, at a small depth from the surface, 
seems constant in summer and in winter, and is probably coeval 
with its first formaticm. The sun, by its influence, appears only 
to change the temperature at its surface, where heat is accumu- 
lated on account of the matter of the earth not suffering a far- 
ther transmission : this heat disappears in a variety of ways, by 
forming vapour, and so becoming latent, by being conducted to 
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the adjacent bodies, by coming into contact with cold air, &c., 
BO that when the eun in winter remaina only for a ghort time 
above the horizon, shines through a denser medium, and more 
obliquely, the consumption of beet is greater than the supply, 
and the cold of winter comes on. We may also suppose that 
the matterof heat does not actually pass to us from the sun, but 
is only extricated, as it were, by his influence from substuices 
in which it is compounded ; for otherwise the temperature of 
the earth, either at the surface, or at a small depth from it, must 
be continually increasing, and that increase in a few years be- 
come sensible ; since we know of no way for the heat which as- 
sists vegetation, which unites with fluids, &c. to pass oiFfrom 
the earth again. Besides heat seems to exist in a state of com- 
bination in such profusion, that it requires only to be decom- 
posed to answer every purpose. Is it not then unnecessary to 
have recourse to a continual supply from the sun ; and may wo 
not conceive, with some degree of probability, that in allthepla- 
■ nets of our system, the temperature may be such as not to be in- 
consistent with a creation of animals and vegetables not very 
dissimilar to our own ? And this, without appearing to limit 
the diversity of works in the universe, which we certainly are 
not audiorized to do ; for, wherever our senses or the deduc- 
tions of reason can reach, we are sure of finding endless 
variety. 

165. At the planet Mercury, the direct heat of the sun, or 
power of causing heat, is six times greater than with us. If we 
suppose the mean temperature of Mercury to be the same as of 
the earth, and the planet to be surrounded with an atmosphere, 
denser than that of the earth, less capable of transmitting heat, 
or rather the influence of the sun to extricate heat, and at the 
same time more readily conducting it to keep up an evenness of 
temperature ; may we not suppose the planet Mercury fit for 
the habitation of men, and the production of vegetables similar 
to our own ? 
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At the Georgium Sidus, the direct influence ofthe sun is 360 
times less than at the earth, and the sun is there seen under an 
angle not much greater than that under which we behold Venus, 
when nearest. Yet may not the mean temperature oftiieGeor- 
gium Sidug be nearly the same as that of the earth ? May not 
its atmosphere more easily transmit the influence of the sun, and 
may not the matter of heat be more copiously combined, and 
more readily extricated, than with us ? Whence changes of 
seasons similar to our own may take place. Even in the comete 
we may suppose no great change of temperature takes place, as 
we know of no cause which will deprive them of their mean 
temperature, and particularly if we suppose, that on their ap- 
p\}ach towards the sun, there is a provision for their atmos- 
pheres becoming denser. The tails they exhibit, when in the 
neighMwhood of the sun, seem in some measure to countenance 
this idea. 

We can hardly suppose that the sun, a body three hundred 
times larger than all the Janets together, was created only to 
preserve the periodic motions, and give light and heat to the 
planets. Many astronomers have thought tliat its atmosphere is 
only luminous, and its body opaque, and probably of the same 
constitution as the planets. Allowing therefore that its lumi- 
nous atmosphere only extricates heat, we see no reason why the 
sun itself should not be inhabited. 

166. Our knowledge of the fixed stars must be much more 
circumscribed than of the planets ; we can, however, ascertain 
enough to be assured that our system is a portion of the universe 
most minute indeed. The fixed stars, we have seen, are at im- 
measurable distances from us, at distances compared with which 
the whole solar system is but a point. Their diameters are less 
than we can measure, yet th^ir light is more intense than that of 
the planets. We conclude, therefore, ibat they are self-shining 
bodies, and, according to a high degree of probability, like our 
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sun, die centres of planetary systems. Admitting this, the 
multitudes of fixed stars, that may be discovered with the most 
inferior telescopes, shew us an extent of the universe, that our 
Imagination can scarcely compr^cnd ; but what is even this, - 
compared to the extent that the discoveries and conjectures of 
Herschel point out ? 

167. We cease to have distiuct ideas, when we enumerate by 
ordinary measures the distances of the fixed stars, and we re- 
quire the aid of other circumstances to enable us to comprehend 
them. Thus, we compute that the nearest of the fixed stars is 
so far distant, that light wUl take above a year in coming from 
the star to the earth ; that the light of many telescopic stars 
may have been many hundred years in reaching us ; and still 
farther, that, according to Dr. Herschel, the light of some of the 
nehuhe, just perceptible in hb forty-feet telescope,; has been 
above a million of years on its passage. 

168. We know, from the eclipses of Jupiter's satelUtes, that 
the velocity of light is so great, that it takes only about eight 
minutes in travelling from the sun to the earth ; while the earth 
itgelf, moving with its velocity of nineteen ntiles in a second, 
would lake nearly two months to pass over the same space. 
We also know, as will be explamed farther on, that the li^t 
of the fixed stars moves with the same velocity as the reflected 
li^t of the sun. Hence, as we are certain that the distance of 
the nearest of the fixed stars exceeds 80,000 times the distance 
of Qie sun from the earth, the distance of the nearest star is such, 
that, tight must be above 400 days in passing from it to the 
earth. 

169. The limit of the distance of the nearest fixed star may 
be considered as well ascertained ; but any thing advanced 
with respect to tlte distances of the others, must be in a man- 
ner conjectural. 

The brighter fixed stars have been supposed to be nearer to 
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US tian die rest. Besides their superior lustre leading to tUs 
conclusion, many of tliem were discovered to have small motions 
called proper motions, that only could be explained by sup- 
posing them to arise from a real motion in the stars themselves, 
or in the sun and solar system, or from a motion compounded 
of both diese circumstances. 

Now whichsoever of these suppositions was adopted, it was 
reasonable to suppose, that the cause of the smaller stars not 
appearing to be aSected, could only arise from the greater dis- 
tance of those stars. However it is now ascertained that some 
of the smaller stars appear to have proper motions, much greater 
than those of tiie brightest stars. 

"* Hence conclusions deduced from the proper motions of the 
bright stars, respecting the relative distances of those stars must 
tend to weaken conclusions that might be deduced from their 
brightness and appareat magnitudes. 

IWre is a double star of the sixth m^nitude, the 61st star 
of the constelhition of the Swan, which consists of two stars, 
within a few seconds of each other. Both of these stars are 
moving nearly at the same rate, at the rate of about 6" in a year. 
It is lively fliey are also moving about their common centre i^ 
gravity. At present they preserve nearly the sanre distance 
from each other. This proper motion is &r greater than has 
been observed in any of the brighter stars, or indeed in any star. 
It might be supposed, on this account, that these stars (61 Cygni) 
are nearer to us than the brighter stars. To ascertain this point, 
I have made observations of the zenith distances, at die offxxdte 
seasons, to endeavour to discover any sensible parallax in these 
stars. But there appears to be no sensible parallax. Mr. Bes- 
sel has compared these and some of the neighbouring stars by 
observations on the right ascensions, and found no sensible pa- 
rallax. Still the ergumrats formerly adduced, for the brighter 
fixed stars being nearer to us, are considerably weakened by the 
great proper motions observed in some of the smaller stars. 
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The itor 40 £ridani has a inN>per motion of about four se- 
conds in a year. The annual [soper motion of Arctunis is 
about two seconds. 

Id many of the stars there is do proper motion perceptible. 

Besides the proper motions, it has been remarked by Dr. 
Herschel, that in seyeral instances, the line joining two stars very 
near together, changes its position. 

This is in some cases explained by a proper motion in the 
brighter star; in other cases it seems to indicate the revolution 
of one star round another. The donble star Castor is a striking 
instance : during the last fifty years, the line joining the two stars, 
iriiich are about five seconds asunder, has had a motion of rota- 
tion at the rate of about a degree in a year, while the interval 
between the stars has remained nearly the same. Of tiie three 
circumstances which explain the apparent motion of a star, that 
which supposes it to arise from a combination of the motion of 
the Bolar system and of the star is most probable. The sun and 
nearest fixed stars are probably all in motion round a centre, the 
centre of gravity, perhaps of a nebula, or cluster of stars, of 
yUdch the sun is one, and the milky vray a part, as Dr. Herschel 
supposes, whUe this nebula revolves with other nebulee about a 
common centre. 

170. The direction of the motion of our system cannot with 
certainty be ascertained, because^ from the whole moticm we ob- 
serve in a fixed star, we have nothing to help us in assigning that 
which belongs to the sun. Dr. Herschel has particularly consi- 
dered this subject (Phil. Trans. 1805 and 1806), and has con- 
cluded that our sun is moving towards a point in the constella- 
tion Hereules, the declination of which is 40°, and ri^t ascen- 
sion 246". His arguments are very ingenious, but there is nc; 
cessarily so much hypothetical in them, that the mind cannot 
feel much confidence in his conclusion. That our system is in 
motion, there can be do doubt ; the difficulty is to ascertain the 
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[H-ecise direction and velocity : and from the circumstances of 
the case, there seems to be little probability that the knowledge 
will ever he here attained to by man. 

Dr. Herschel conjectures that the distances of the fixed stars 
are nearly inversely as tlieir apparent magnitudes. From thence, 
and a train of ingenious reasoning, relative to the faintest nebuUe 
discovei^ble by Us 40 feet telescope, he has concluded that the 
distances of these nebula are so great, that light issuing from 
them must have been two millions of years In reaching the 
eartli. But the recent discoveries relative to the proper motions 
of the smaller fixed stars must, as has been said, in some mea- 
sure weaken the conclusions formerly adopted respecting tTie 
relative distances of the fixed stars. The discoveries of Dr, 
Herschel have also made us acquainted witti m^y nebulse, 
which are not resolvable into stars, but apparently formed of 
luminous matter, gradually conden^ng, by Ihe principle of uni- 
versal attraction, into masses, as if about to form the suns of fu- 
ture systems. Distant ages only can appreciate these conjec- 
tures. 
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CHAPTER X. 

OBSERVATIONS FOR ASCERTAINING THB DECLINATION — DISTANCE 
OF THE POLE FROM ZENITH — OBLIQUITY OF ECLIPTIC — RIGHT 
ASCENSION. 

171. I^tEViOUSLY to B more minute statement of Hie motions 
of the celestial bodies, it will be necessary to give some account 
of the nature of the principal obserTati(Kis, by which these mo- 
tioQS are aacalainedj and of the instramentB by which the obser- 
vations are made' 

I The most important observations, and which admit of the 
greatest accuracy, are those for the declination and right as- 
cension. Having obtained tiie declination and right ascen- 
sion, or the position with respect to the celestial equator, we can 
by spherical trigonometry obtein the longitude and latitude, or 
the position with respect to the ecliptic. The latitude and lon- 

H'ude of any of the bodies of the solar system, as they would 
observed from the centre of the earth, are called their geo- 
ttric latitude and longitude. 
The tables give the distance of the body from the sun, and 
its place, as seen from tiie sun, or its heliocentric longitude and 
latitude, from whence we can compute its geocentric latitude 
and longitude, and compare them with those observed. 

172. The rfec/(?ta(J0M of ao object is best found byobserving 
its distance, when on the mcridiati, from the zenith or from the 
horizon. Either of these distances being found, if we previously 
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know the distance of the pole from the zenith of the place, we 
find by addition or subtraction the distance of the object from 
the elevated pole, and consequently its declination. Thus let 
HESZPO (fig. a4) represent the meridian, HO the horizon, 
E, S, Z, P the places of the equator, object, zenith, and pole ; 
we observe HS or SZ in the way that will be presently shewn ; 
and if we have ZP, we easily obtain SP, the polar distance, or 
ES the declination. There is an advantage in using the polar 
distance instead of the declination, because in the former there 
is no ambiguity ; hut when the declination is used, it is neces- 
eary to note whether it be north or south. Accordingly many 
astronomers use in their catalogues qf stars north polar distance 
instead of declination : thus, it^flie declination be 20° S. its 
north polar distance is 110°. 

It must be understood, that the zenith distance, or altitude 
observed, is to be corrected by refraction, and by some other 
small quantities, as sometimes by parallax, (to reduce it to what 
would be observed at the earth's centre), by aberration of light 
and nutation of tiie earth's axis; which corrections will be ex- 
plained hereafter, and are usually obtained from tables. 

173, The distance of ihe zenith from the pole is found by 
observing the zenith distance of a star that does not set, when on 
the meridian above and below the pole : thus let ZR (Fig. 24) 
be the zenith distance, corrected for refraction, of a star, when 
above the pole, and Zr the zenith distance, corrected for refrac- 
ti«i, when below the pole ; then ZP = ZR -(- RP and ZP z: 
Zr — rP = Zr— RP. Henee 2ZP = ZR + Zr. PO, as 
we have seen, (Art. 39), is equal to the latitude of the place, 
and therefore ZP is the complement of latitude. Hence the 
observations for asoertuning the distance of the pole from the 
zenith, give us the latitude of llie place of observation. 

By repeating this observation for the same star, and for dif- 
ferent stars, a great many times, the distance of the pole from 
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the zenith may be had with great exactness, that is, with good 
instruments, to leas than a second. This element being ODce 
established, we are enabled, as stated above, to obtain by obser- 
vation the declination or polar distance of any celestial plueno- 
menon. It is necessary in this mode of olraervation to know 
with some degree of exactness when the object is at the meri- 
dian ; this will be explained hereafter. 

1 74. The declination of an object may also be obtained by 
observations made out of the meridian : Thus, if we observe the 
distance from the zenith ZF, and azimuth FZP, and know ZP, 
we obtain, by the solution of the spherical triangle ZPF, PF the 
polar distance : or if ZF be observed, and we know ZP and the 
angle FPZ (knovm by the distance in time of the body trom 
the meridian) we can compute FP : but the instruments, re- 
quired to make these double observations, are too complicated 
in their construction to be used with advantage in making very 
accurate observations ; to wliich may be added the inconvenience 
in computing the effects of parallax and refraction. Refraction 
and parallax, when the body is in the meridian, only affect the 
declination ; they affect both right ascension and declination, 
when the body is not in the meridian. 

175. There is also a method of obtaining both the declina- 
tion and right ascension at the same time, by an instrument cal- 
led an equatoreal instrument.' Although" this, when well exe- 
cuted, is a very valuable instrument, yet being complicated, and 
admitting of less precision for the declination than the method 
described, it will not be necessary to dwell upon it here. It 
may, however, be proper to remark, that sometimes objects of 
faint light, such as comets, pass the meridian in day light, and 
cannot be then observed ; for these an equatoreal instrument is 



' Piofeuor Vince'e tactical ABttonamy. See also a deBcriplion af one made Tor 
Sir Oeoi^ Shuckburgh, Phil. Trans. 1793. 
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very convenient A very advantageor method of ascertaining 
the right ascension and declination of such objects, is by observ- 
ing, with a micrometer, the differences of right ascension and 
declination between tiie object and a neighbouring fixed star : 
the position of the latter is previously knomi, or may be ob- 
served at leisure. 

176. In computing the longitude and latitude of an object, 
from knowing its ri^t ascension and declination, we use the ob- 
liquity of the ecliptic. The obliquity of the ecliptic is found 
by observing the greatest declination of the sun. If many de- 
clinations be observed when the siin is near the solstice, each of 
these may by a small correction be reduced to the declination at 
the solstice, and the mean of all taken. ITie advantage of this 
is, that the declination observed within a few days of the solstice 
may easily be reduced to the greatest declination, without know- 
ing with great accuracy the right ascension of the sun. The 
summer solstice is to be preferred to the winfter one, on account 
of refraction being more uncertain at lower altitudes. 

177. To ascertain the right ascension of an object, it is ne- 
cessary to find the arch of the equator intercepted between the 
first point of Aries and a secondary passing through the object : 
for this purpose we make use of a portion of durationt called 
sidereal time. The whole concave surface revolves uniformly 
in twenty-four hours of sidereal time (Art. 14), and any portion 
of the equator is measured by the sidereal time elapsed between 
the passages of its extremities over the meridian : thus the ex- 
tremities of an arch of 15° pass the meridian at an interval of 
one hour. Hence we conclude, that the difference of right 
ascension of these extremities is 15° or one hour : so that the 
right ascension of any object is measured by the portion of side- 
real time elapsed between the passages or transits of the first 
point of Aries (the intersection of the ecliptic and equator), and 
of the object over the meridian. Hence if a clock be adjusted 
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to shew tweDty-tbur hours during the rotation of the concave 
surface, and ccsomence its reckoning when the first point <£ 
Aries is <hi the meridian, it mil shew the right asceitsion of all 
the points of the concave surface on the meridian at any time ; 
and all that is necessary to ascert^n the right ascension of any 
object, is to observe the time shewn by the clock when that 
object passes the meridian. Hiia time is the rigbt ascension, 
and being multijdied by 15^ gives the right nscen^oo in de- 
grees, &c. 

The instrument by which the time of the transit over the 
meridian is accurately observed, aad the manner o( observing it, 
will be presently explained. 

178. The intersection of the ecliptic and equator not be- 
ing marked on the concave surface, we must, for r^ulating the 
clock, make use of some fixed star, the right ascension ofwhidi 
is known : the clock may be put nearly to Endereal time, and the 
exact lime being noted when a st»r, the right ascension of which 
is known, passes the meiidian, the error of the clock will be 
known, llius if the clock shew !" 15° 14', when a star, the 
ri^t ascen^on of which, is l** 15" lO, passes, the error of the- 
clock will be 4*, and every right ascension observed must be 
corrected by this quantity. 

179. It is evident then, that the right ascen^on of scHne one 
star being known, the right ascensions of the restmaybe obtain- 
ed with much facility. The method which follows, has been 
used by Mr. Flamstead, aad by astrononers in general, to ob- 
tain the right ascension of a Aquil«. 

When the snn between the vernal and autumnal equinoxes 
has equal declinations, its distances in each case, from the res- 
pective equinoxes, are equal. We can ascertain when the son 
has equal declinations, by observing the zenith distances for two 
or tliree days, soon afler the vernal equinox, and for two or 
three days about the same distance of time before the autumnal. 
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and then, by proportion, ascertBin the precise time when the 
declinations are equal : at these times also we can ascertain, by 
proportion,^ the diflferences of the right ascension of the sun and 
some star, by observing the difierences at noon for two or three 
days. Let 

E = the right ascension of the sun, soon ailer the vernal 
equinox, then 180* — E = the right ascension before the au- 
tumnal, when it has equal declination. 

A ^ the right ascension of the star in the former instance. 

A + p — the right ascendon in the latter. 

We obtain by help of observations A — E and (180— E) 
— (A + p). Let these differences of right ascension be D and 
ly, tfiat is, 

A — E = D 
and ( 1 80 — ^ E) — ( A 4- p) = D'. From which we can deter- 
mine E and A. For, adding these equations 180° — 2E — p 
^D + D-orE=.'^-gg-±'^-''.md fence A = D 

-I- E is known. The value o(p arises from the change of right 
ascension of the star in the interval between the times of equal 
declinations, and is therefore known from the tables of precession 
and aberration, &c. 

This kind of observation may be repeated many times for 
the same star betwean two successive ecpiinoxes, and likewise in 
difierent years ; and, by taking a mean of many results, great 
precision will be obtained. 

The advantage of this method is, that the sun's zenith dis- 
tance being the same at the two times of observation, probably, 
any error in the instmment will equally affect each zenith dis- 
taoce ; and therefore we can exactly find when the declinations 
are the same, although we were not able to observe the declina- 
tion itself witii the greatest accuracy. 

160. The constructicMi erf' clocks for astnmomical purposes 
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has armed at sach a degree of perfection, that, for many 
months together, their rate of going can be depended on, to less 
dian a second in twenty-four hours. This accuracy has been 
obtained by the nice execution of the parts, in consequence of 
which the errors from friction are almost entirely avoided, and, 
by using rubies for the sockets, and pallets, where the action 
is most incessant, the effect of wear is almost entirely obviated. 
But the principal source of accuracy is the construction of the 
pendulums, which are so contrived, that even in the extremes 
of heat and cold they remain of the same length. This is ge- 
nerally eSected by a combination of rods of two different me- 
tals, differing considerably in their expansive powers. They 
are so placed as to counteract each other's effects on the length 
of tile pendulum. Formerly brass and steel were used, the 
former expanding much more by heat than the latter. In this 
construction nine rods or bars were placed by the side of each 
otlier, and the pendulum, from its appearance, was called a 
gridiron pendulum. A composition of zinc and silcer is now 
frequently applied instead of brass, cm account of its greater ex- 
pansion, by which five bars are made to serve. Other construc- 
tions are also used, for preserving the same length in the pen- 
dulum, but not so commonly. 

181. A clock of this description is absolutely necessary for 
an observatory. It is regulated to sidereal time, and the hours 
are continued to twenty-four, beginning when the vernal inter- 
section of the ecliptic and equator is on the meridian; and not 
like common clocks, at noon. But however well executed the 
clock may be, it is depended on only for short intervals ; the 
time it shews being examined by the tranut of fixed stars, the 
right ascensions of which have been accurately settled. For 
this purpose the right ascensions of thirty-six principal stars 
were determined with great exactness by Dr. Maskelyne. 
Several of these may be observed every day, eatSh observation 
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pointing out the error of the clock ; and the mean of the ' 
errors will give the error more exactly. Nothing more tlien is 
necessary for determining the right ascension of a celestial ob- 
ject, than to observe the sidereal time of its transit by the clock: 
that time, being corrected, if necessary, by ohservatioqs of the 
standard stars, is the right a 
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CHAPTER XI. 



METHODS OF ASCESTAININQ HINDTE PORTIONS OF CIRCULAR ARCHBS 
— ASTRONOMICAL QUADRANT — ZENITH SECTOR — CIRCLE— AND 
TRANSIT IN3TRUMBMT — METHODS OF FINDING THE HStlDIAH. 

182. As the arches or limbst as they are called, of astrono- 
mical instruments, are seldom divided nearer than to every five 
minutes, it is necessary briefly to explain the methods by which 
smaller portions may be ascertained : there are three methods 
now principally used, 1. by a (vernier," 2.hy a micrometer screw; 
3. by a microscope. 

183. The first method is of more general use than the other 
two, and is applied to a great variety of philosophical instru- 
ments. It is named after its inventor. It will be easily under- 
stood by an instance. Let the arch It (Fig. 25) be divided into 
equal parts, Ik, hm, mn, np, &c. each 20', and let it be required 
to ascertfun smaller portions, for instance, the distance of P from 
^A. Let another circular-arch, called the vernier, 7' long, 
slide upon (he arch It, and let it be divided into twenty equal 

7 X 60 
parts, that is, each part = — — — = 21'. If these parts be be, 

cd, de. See. then the division d coinciding with tlie division m, 
the division c will be (21' — 2O0 or 1' beyond the division n ; 
the division b 2' beyond the division p, &c. So that in this 
way we can ascertain portions of 1', 2', &c., although the arches 
themselves are divided only into portions of 20'. To apply this, 
suppose it were required to ascertain the distance of P from pA : 
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let the vernier be slided till its commencement b coincides with 
P, then it will be seen what dirision of the vemier coincides 
with a division of the limb : the divisions of the vernier are 
numbered from its beginning 0, 1, 2, 3, &e. The number of 
the coinciding division of the vernier will, it is manifest, ^ew 
the distance of the commencement of the vernier from the divi- 
sion on the Kmb or PA. In the application of this inatmment 
to astronomical purposes, the vernier is so attached, that its com- 
mencement or point of Zero, as it is called, is always brought 
by the process of making the observation to the point from 
which the reatHng is to be made. In oth» applications, in the 
barometer, for instance, the commencnnent of the vemier is to 
be moved to that poinL 

This method of ascertaining the extent of small arches is 
more frequently used, where the measuranent is only to be 
made to the nearest minute, but it may be readily ap^ied to 
ascertain much smaller portions. Thus, if the limb be divided 
into portions of 2(K, and a vemier = 19" 40* be divided into 
sixty parts, each of these parts will be 19' 40" j and therefore an 
interval on the limb exceeds an interval on the vemier by 20", 
and so a space of 20" is ascertained. 

Again, if the limb be divided into parts of five minutes each, 
and a vernier =4° 35' be divided into sixty parts, eadi of these 
parts will be 4' 55" ; and therefore an interval on the limb ex- 
ceeds an interval on the vemier by 5". 

184. To ascertain still smaller portions, a micrometer screw 
answers better ; which is a very fine screw, requiring to be well 
executed, so fine that the interval between two threads is some- 
times only the ^'^ of an inch. A circular head is fixed to this 
screw. This head is divided into equal parts, the whole being 
the number of seconds answering to- the interval between the 
threads. This screw is attached to the part of the instrument 
carrying the point P, (Fig. 35) moves at right angles to the ra- 
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dius, and is to be turned till the point P coincides with A. Tbe 
number of complete revolutions, and the part of a revolution will 
give the seconds in FA. 

185. The above is very convenient and exact, but it yields 
to Mr. Ramsden's method, by microscopes, in which the image 
of the arch and of the point F is formed in the focus of a com- 
pound microscope, the axis of which is perpendicular fo the 
plane of the limb : a wire in the focus of this microscope is 
moved by a micrometer screw, and made to pass successively 
over the images of the points F and A, and the motion of the 
screw shews the interval. The advantage of this method arises 
from the distinctness and magnitude of the image in the micro- 
scope. The exact coincidence also of it with the wire in the 
focus as^sts much the accuracy of observation. This application 
of microscopes is justly considered as a very valuable improve- 
ment in astronomical instruments. 



THE ASTRONOMICAL QUADRANT AND CIRCLE, 

186. The quadrant for measuring zenith distances, is moveable 
on a vertical axis, or fixed to a solid wall in the plane of the meri- 
dian. In the latter case it is called a mural quadrant. The teles- 
cope, which is moveable about the centre of the quadrant, has an 
index, usually a vernier, fixed to it, and moving on the divided 
arch of the quadrant. The plane of the quadrant being perpen- 
dicular to the horizon, and in the same vertical circle as the ob- 
ject, the telescope is moved till the object appears near the cen- 
tre of the field of view, touching or bisected by a wire, placed 
in the principal focus of the telescope, parallel to the horizon, or 
at right angles to the plane of the quadrant The arch then be- 
tween (o) on the vernier, and tlie lowest point of the quadrant 
from which the divisions commence ( (o) of the arch), shews the 
zenith distance, provided the radius passing through (o) of the 
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arch be vertical, and provided also that the line of collimation 
of the telescope be parallel to the radius passing through (o) of 
the vernier. The methods of ascertaining the exact place of the 
arch, pointed out by (p) on the vernier, have been shewn in Art. 
183, &c. The radius pasang through (o) of the arch is gene- 
rally made vertical, by help of a plumb line. The plumb line 
bisecting a point near the centre of the quadrant, is made to bi- 
sect another point on the arch, by moving the quadrant in its 
own plane. These two points are placed by the maker, parallel 
to the radius, pasaing through (o) of the arch. 

187. 7Se line of collimation of a telescope, is the line join- 
ingtbe centre of the object glass, and the place of the image in 
the principal focus : this is the true direction of the object, in 
which it would be viewed by the naked eye. Hence it is evi- 
dent that this line ought to be parallel to the radius passing 
through (o) on the vernier, that the angle measured by the dis- 
tance of (p) on the vernier from (o) on the quadrant, may shew 
the angle contained by a vertical line, and the line of direction 
passing through the object, which angle is equal to the zenith 
distance of the object. 

Thus OP (Fig. 36) represents the plumb line passing over 
two points. The line which joins these points is parallel to the 
radius CL, passing through (o) of the arch. The dotted line 
DI is the line of collimation, parallel to Hie radius CV passing 
through (o) of the vernier. LV measures the zenith distance of 
the object, the image of which is at I. The vernier being fixed 
to the telescope, the radius CV, while the telescope moves, al- 
ways preserves the same relative position to the line of collima- 
tion. The position of the line of collimation must always he 
scrupulously attended to, and, if erroneous, must either be ad- 
justed by moving the wire in the focus of the telescope, or the 
error allowed for ; the latter is generally better, when the error 
amounts only to a small quantity. 

188. To enable the observer to ascertain the error of the 
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line of collitnaticHi in thoae quadrants that more on a vertical 
axis, the arch is cwitinued several degrees b^ond (o) (Fig, 26) 
as PS, and the zenith distance of the same object is to be ob- 
served ffith the arch of the inatminent facing different ways. 
ThuB, when a star near the zenith is observed, let CT (Fig 37. 
1) be the radius, parallel to the line of colHmation of the teles- 
(»pe, CV the radius passing through (o) on the vernier. Hien 
LV is the arch read oflfor observed ; which is too little by TV. 
Let the quadrant be moved on its vertical axis half round : the 
position of the above lioes will be as in Fig. 27. 2. ITien that 
the telescope may be directed to the same star, it roust be moved 
r over the arch TT*, till it is parallel to its former position CT 
I (Fig. 27. 1.) so that UT = LT. Tlie point V is transferred 
j by the moti<Hi of the telescope to V, &c. The arch now mea- 
I sured is V'L' too great by VT = VT. Hence 2VT (double 
I the error of the line of coUimation) = di^rence of the zenith 
\ distances of the same star, observed in the two positions of the 
1 quadrant. 

189. This method cannot be adopted for mural quadrants ; 
£oe these another instrument is necessary. A zeniih sector is 
used, at the Royal Observatory at Greenwich, to ascertain the 
errors of the lines of collimation of the mural quadrants. This 
instrument is principally composed of an arch of a circle of a 
long radius, fixed to a telescope of the same length, passing 
through the centre and middle of the arch, l^e instrument is 
suspended vertically : the telescope can be moved (the arch be- 
ing fixed to it) a few degrees on each side of the vertical line, 
so as to observe stars within a few degrees of the zenith. A 
plumb line suspended from the centre of the instrument, and 
passing over the arch, shews the angle between the point of (o) 
at the telescope and the vertical line. This instrument is capa* 
ble of having its &ce turned both east and west ; therefore, if 
observations otihe same ^arsbe compared in both circumstances, 
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the error of the line of coUImation will be had as in a quadrant 
moving on a vertical axis : cfoisequently, if observations are made 
at the same time with a mural quadrant, and compared with the 
obBervations made with the zenith sector, the error of coUlma- 
tion of the maml quadrant will be ascertained. The error of 
the line of collimation of a quadrant is not much liable to vary. 

190. The brief account of aBtronomical instruments, here 
given, is only intended to contain enough to ajford such a gene- 
ral o<nicoption of their uses, that the observations mentioned may 
be understood. We may refer to Professor Vince's Practical 
Astronomy fw a more particular account of astronomical instru- 
ments : where the astronomical quadrant, its uses and adjust- 
ments, are minutely described ; as also the zenith sector, used 
at the Greenwich Observatory. A zenith sector, constructed for 
the purpose of the great trigonometrical survey, now carrying on 
in England, is particularly described in Phil. TVans. for 1803. 

191. The rat^us of each of the Greenwich mural quadrants 
is eight feet, and their arches are divided into parts of 5' each, 
and, by means of the milometer screw, uigles are easily ascer- 
tained to seconds of a degree ; a second of a degree in Aese in- 
strum^its is ^^^ of an inch nearly. They were divided by Mr. 
Bird, the first artist who attained a great degree of perfection in 
the divisions of large instruments, and who, perhaps, has not since 
been excelled. The quadrant facing the east, with which all oh- 
aervations to the south of the zenith are made, is superior to the 
other. TTiis instrument will always be celebrated in the history 
of astronomy ; with it and the transit instrument were made Ute 
numerous and valuable c^Mservattcms of Dr. Bradley, and of the 
late Dr. Maskelyne, that were continued through a space of near 
«xty years, and which, by the concurrent approbation of astro- 
nomers and mathematicians of all countries, hare been adopted 
as the ba^s of those improvements, that have advanced astrono- 
my to its present degree of perfection. 
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192. The present state of Astronomy requires the utmost 
perfection in die I'nstnunentA : those for zenith distances ought 
to admit of a degree <£ precision, enabling us to observe the ze- 
mth flistance with certainty to two or three seconds ; so that, by 
taking a mean of a number of observations, we may have the 
zenith distance to I" or less. This accuracy is necessary 
to ascertain the motions of the moon to the requisite exact- 
ness, and to determine the e&rcts of the mutual disturbances 
of the system, many of which, at their maxima, aoiount only to 
a few seconds. 

193. A quadrantal arc appears, at first view, to be all that is 
necessary for observing the zenith distance of a celestial object ; 
a larger portion of a circle seems useless, and, by confining the 
instrument to a quadrantal arc, we may have the advantage of a 
much longer radius ; but experience has shewn that quadrants 
yield in accuracy to complete circles. 

The astronomical quadrants will probably soon be entirely 
superseded by circles.* There is reason to suppose that much 
§7«ater accuracy will be obtained by the latter than by the for- 
mer, evea when the diameter of the circle is iar less than the 
radius of the quadrant. Nearly a century ago, an entire meri- 
dian circle had been executed : yet there was noting in this 
that can lessen the credit due to the late Mr. Ramsden, who 
above twenty years ago, proposed to substitute the circle for die 
quadrant The astronomical circle serves exactly the same pur- 
poses as the quadrant Mr. Ramsden made his first circle, five 
feet in diameter, for the Observatory at Palermo. Since that 
tine several circles have been constructed by other artbts, pM-- 
ticularly by Mr. Tl-oughton. The Observatory of Trinity Col- 
lie, I>ublin,posses8es a most superb circle eight feet in diameter. 



* For an account of aittonomical drcles, aee Mr. Vince'a Piaclical Aitronomy 
■nd Phil. Traiu. 1800, part 2. 



b> Google 



CHAP. XI.] ASTRONOMICAL INSTRUMENTS. 129 

I^is instrument was begun by Mr. Ramsden, and finished by 
his successor, Mr* Berge,* and has been in use since the latter 
end of 1808. 

194. The advantages, proposed to be obtained by the astro- 
nomical circles, are : 

1. Theteiescope is fixed to the circle, and the whole moves 
together on an axis, which is a great advantage, as all imperfec- 
tions of centre work, danger from the telescope bending, or the 
centre work wearing, are avoided. 

2. All parts of the instrument can be readily exposed to the 
same temperature. 

3. The instrument balances itself. 

4. All imperfections of the divisions are readily discovered, 
as the same angles can be observed on dif^rent parts : also the 
instrument can be much more accurately divided in consequence 
of the person, who dividesj being enabled to examine opposite 
points." 

5. One of the greatest advantages of our instrument is the 



* Thia Instnmieiit wu orjginiJly began by Mr. RamBilen, directed by my prede- 
cessor. Dr. Usfaer, at the desire of the Collie, about the time wben it was first in 
contemplation to substitute circles instead of quadrants. Alter furnlahlDg one of Are 
&et In diameter, for the ObservRlory at Palerma, Mr. RomideQ engaged to Hnish 
one of ten feet for our Observatory ; but most tedious delays, much indeed (o be re- 
gretted, intervened. After having partly eieeuted one often feet, he rejected it for 
one of nine feet; and this, after the circle ilsetf nas actually diiided. was laid aside 
for the present one of eight feet, which he leH to his lucceasor, Hr. Berge, to i^vide 
and flnith, and share the credit due for the execution of such an instrument In 
speaking of this instrument, tbe liberality otthe Provoat and Senior Fellows of the 
University of Dublin ought not to be passed over. With their usual zeal for tbe 
promotion of linowiedge, they spared no expense to obtain, for their Observatory, 
tbe first insli.ument of its kind : shewing on this, and on all occasions, where Ihe in- 
terest of science is concerned, an example well worth; of imitation. 

' Hr. Ttoughton bas described his very ingenious method of dividing Astrono- 
DUcal Instruments, in tbe PhiL Tron. 1S09, Part I. 
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fecility with which the error of the line of collimation may be 
found, by observing a atar at any distance from the zenith, mth 
the face of the instrument turned different ways. Thus a ze- 
nith sector, which would be absolutely necessary for a mural 
quadrant, can be dispensed with. 

6. The method of reading off by compound microscopes, 
which Mr. Ramsden has adapted to this instrument, is greatly 
)H«ferable to the methods by the vernier or micrometer screw. 
Art 183 and 1S4. 

In our circle* three microscopes are used ; one is placed 
opposite to the lowest part, and two opposite to the horizontal 
diameter ; by which the same angle may be read off cm three 
different parts of the circle, and thus the errors from difference 
of temperature may be obviated, and the effect of any inaccuracy 
in the divisions considerably lessened. This circle was only in- 
tended for meridional observations, but, on account of the stabi- 
lity of the vertical axis, arising from the firmness of its support, 
it may with much advantage be used for a few minates before 
and after the passage of the object over the meridian, as the 
time of making the observation can be readily noted by the 
transit clock, and thence the correction computed for reducing 
the observation to what it would have been, had it been made 
on the meridian. 

In the year 1812 a mural circle of exquisite workmanship, 
MX feet in diameter, made by Mr. Troughton, was placed in the 
Observatory at Greaiwich, ' This instrument is now used in- 
stead of the mural quadrants. It gives north polar distances, 
and not being capable of being reversed by a vertical motion, 
the observations are corrected by means of the north polar dis- 



* Fflur microBcopta piftced U the eitremHles of the Tenical and horizontal di*- 
mtUn, would have sSbrded gieater iccurBcr : but a microicape oppoaite to the bot- 
tom iniCTOKope would haxe b«en rery inconyenlenlty liluBted for UM. 
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tances of certain stuidard stars, in a manner similar to tliat by 
nhich observatifMis of the transit instrument are corrected for the 
error of the dock. (Vid. Art. 181.) 

195. The observations made with the quadrant and circle 
being for the same purposes, an example from the latter will 
suffice. 

Example. Aug. 23, 1808, at Ae Observatory of IViniiy 
College, Dublm, observed, by the astnoiomical circle, the polar 
star above and below the pole, 

ZD. above 34" 53' 10",1 Barom. 29,99 Ther. 5»> 
beI6w38 IS 59,1 - 29,97 - 67 

Each of these zenith distances is from a mean of observations, 
made with the instrum^t facing east and west. To determine 
the zenith distance of the pole, and polar distance of Uie polar 
star. 

34 53 10",1 38 18 59,1 

Ref. + "39, 84 + 44,47 



34 53 49, 94 38 19 43,57 

38 19 43, 57 



2 I 73 13 33, 51 



36 36 46, 75 zenith distance of pole or co-lati- 
tude. 
This observation therefore gives the latitude of the observa- 
tory=53»23'13«, 3. 

Half the difference of flie zenith distances = 1° 42' 56", 



• The thove refraellonj are computed by a lablf, which is giTen in ths Appeo- 
diz. The results of my obwrradDas relative to refrictiaii agiee nearly wilb Ihe 
French (U. Delambre't) Tablei as far aa about SD" Z. D. Searei Oie horiion te- 
fraetiOD* become go uncertain, that aburrationi cease to be t^ilM. 
k2 
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81 = the observed polar distance of the polar star. This must 
be reduced to its mean quantity at some given time or epoch, 
as it is called, Buppose, Jan. 1, 1813. 

The change of N. polar die(aiice"\ 
by the recession of the equator J 
on the ecliptic (Art. 90,) from f 
January 1, 1808, to January I, / ' 

1813,) the change in a year be- I 
ing = — 19", 50.) J 

By Precession from Jan. 1, to Aug. 23 — 12, 50 
Aberration of light - - - + 13, 38' 

Nut. of the earth's axis from moon - — 3, 32* 
from sun - — 0, 46" 



Sum according to their signs - — 2, 90 
This is to be subtracted from the mean polar distance, Jan. 
1, 1808, to obtain the apparent polar distance, Aug. 23, 1808. 
Hence the mean polar distance, Jan. 1, 1808, deduced from 
this observation is the sum of this quantity and the polar dis- 
tance observed. Therefore 
1° 42 56, 81 
+ 2,90 



1 42 59, 71 
— 1 37,50 



1 41 22, 2 = mean polar distance of the pole star, 
Jan. 1, 1813. 



* General Tables of Aberredon. Proresior Vince'a Aatron. vol. i. p. I 

* General Tables of NuUdon, da. toL iL p. 134. 

* Dr. Mukelfiie'g Tables. Tab. 30. The sberration of light and iU 
eiplained hereafter. Nutatian haa been mendaned, art, 91. Solar ni 
NPD = — 1)",48 sin. (3 Ion. jun— E. A. itar.) 
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By the mean of a number of observaiions h is 1° 41' 2\",S. 
By the Greenwich circle it is 1" 41' 21", 7. 



TRANSIT INSTRUMENT. 



196. Tlie transit instrument, equally necessary in practical 
astronomy, as the quadrant or circle, ia a telescope fixed at right 
angles to a cross axis. This axis is placed upon horizontal 
supports, upon which it turns. The instrument is to be so ad- 
justed, that the line of collimation, when the telescope is turned 
with its axis, may move in the plane of the meridian. In the 
principal focus of the object glass are placed three or fire wires, 
parallel to each other, and perpendicular to the horizontal axis. 
Another wire bisecting the field of view is also usually placed at 
right angles to these. The transit instrument in the Observa- 
tory of Trinity College, Dublin, is sis feet long, the cross axis 
four feet, and there are five parallel and equidistant wires in the 
principal focus, and one at right angles to these. 
In Fig. 28 the wires are represented. 
To make the centre wire Cd move in the plane of the meri- 
dian, three adjustments are necessary. 

1st. To make the axis level : this is done either by a spirit 
level or plumb line. 2dly. To make the line of collimation, 
that is, a line joining Cd, and the centre of the object glass, 
perpendicular to the axis : this is done as follows : let the image i 
of a distant object be bisected by the middle wire, and then take ) 
the axis oflT its supports, and reverse it; if the image is then bi- I 
sected, the line of collimation is exact, if not, half the error must | 
be corrected by moving the system of wires, and half by moving 
one of the supports of the axis. There is a provbion for both 
these motions. The axis being again reversed, will verify the 
adjustment. 3dly. The line of collimation is to be placed in 
the meridian : this is done by the help of a mark placed at a 
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considerable distance ; for instance, at the distance of one or two 
miles, in the direction of the meridian of the centre of the in- 
strument The whole telescope is moved by moving one of the 
supports of the axis, till the middle wire bisects the image of the 
mark. The meridian mark will serve to adjust the line of col- 
limation ; andindeed, in practice, theorder oftheseadjustments 
should be reversed. 

197. The nse of the transit instrument is to determine the 
ri^t Bscensions of the celestial bodies, and also the mean and 
apparent time. In observing the right ascension, the telescope 
is usually directed to the object, by help of a divided semicircle, 
placed at one end of the aKis, on which an index attached to, 
and perpendicular to the axis, and also parallel to the line <^ 
coUimatton, moves ; this index is to be set to the polar or ee- 
nith distance of the object, according as the semicircle shews 
polar or zenith distances. 

Tliis being done, the time of passage of the object over each 
wire is noted by the clock, beating seconds and shewing wdereal 
time, placednear the transit instrument. The mean of the ob- 
served times of passing each wire is to be taken to shew more 
accurately the time at the middle wire. The time c^ passing 
each wire may be observed vrith great accuracy, because the te- 
lescope magnifies the diurnal motion, so that at one beat of die 
clock a star may be observed on one side of the wire, as at a, 
and at the next beat, at 6, The eye is capable of pretty accu- 
rately proportioning the intervals ac endbc, so tiiat the time 
may be noted to tenths of a second, and the mean from the 
five wires rarely deviates -^^^ of a second of time from the truth, 
or 3" of a degree. Thus right ascensions may be detennined 
with nearly the same accuracy as zenith distances. For, as has 
been already shewn, the time of the passage by the clock is the 
right ascension, provided the clock shews accurate sidereal time. 
This is seldom the case, and ought always to be examined by 
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observing some of the thirty-six stars bef(«e tn^tiooed, (Art 
181) the right ascensions of which have been determined with 
great accuracy by Dr. Maskelyne. 

198. Example. Observed at the Observatory of Trinity 
College, Dublin, Nov. 2, 1793, the transits over the meridian of 
a Cygni at 20" 34" IS", 72 sidereal time. 
oAquarii 21 52 29,89 
Fomalhaut 22 46 4,65 the clock losing 1% 5 in 24 hours. 
To ^d (he mean right ascension of o Aquarii. 
Mean A. R. Jan. 1, 1793, 

by Dr. Maskelyoe's a Cygni Fomalhaut 

Catalogue ^ 34 22 57 22 46 10,72 

JAber. and preces. - + 1,53 + 3,43 

" ( Nutation - 0,00 — 0,85 



App. A. K. - 20 34 24,10 
Observed - 20 34 15,72 


22 46 13,30 
22 46 4,65 


Clock dow 

Mean at 2I» 40" alow 8',31 

At 21 52 slow 8,52 
Observed o Aquarii 

Clock slow - 


8.38 


8,65 

21 52 29,89 
+ 8,52 


Apparent A. R. 
Piecess. ftom Jan. 1, 1790 
( Aberration 
•"i Nutation 




21 52 38,41 

— 11,87 

— 0,32 
+ 0,55 


Mean A. R. Jan. 1, 1790 




21 52 26,77 



» ProfeBsor Vince'a Astrononiy, »ol. ii. p. 306, &c. Dr. Haskelyne'a Tab. 17 
and la. 

*■ Bf general tables rtbati to b Ait. 195. 
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From Dr. Bradley's observ. - 21 52 26,8 
Mr. t'ond's observ. in 181C 21 52 26,6" 

199. The tranut instniment serves also for Rnding the mean, 
and tbence the apparent time. 

If tlie sun, instead of appearing to move in ttie ecliptic with 
an unequable motion, appeared to move in the equator with an 
equable motion, in the period of its motion in the ecliptic, its 
return to the meridian would each day be later than the return 
of a fixed star, by 3" 5& nearly ; and a clock put to twelve 
o'clock, wlien tlie sun was in the meridian, would, if rightly ad- 
justed, always continue to shew twelve, when the sun, so moving, 
passed the meridian; and the time pointed out by the clock 
would be Tnean time. 

The distance of an imaginary sun, so moving in the equator, 
from the vernal equinox, is equal to the mean longitude of the 
sun, or its mean distance from the vernal equinox ; and this dis- 
tance, reduced into time, is the right ascension of the imaginary 
son. The mean longitude of the sun is given in the Solar Ta- 
bles for the beginning of each year, and the mean motion in lon- 
gitude, between ttie beginning of the year and each day. Is also 
given. Whence the mean longitude is known, which reduced 
into sidereal time, at the rate of 15° for 1 hour, gives the right 
ascension of the imaginary sun, after being corrected, to reduce 
it to the true equinox. Hence, having the sidereal time, by a 
clock, or from the time shewn by a clock corrected by observ- 
ing the transit of a star, the mean time is readily found. For, 
the difference between the imaginary sun's right ascension at 
noon (the mean longitude of the sun converted into time), and 
the given sidereal time, is the sidereal time from noon : this is 
to be reduced into mean time, by diminishing it in the propor- 
tion of 24'' : 23'' 56" 4', 1, or of 366 :365 nearly. The mean 

■ This star, therefore, has no perceptible f roper motiDD. 
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time being found, the apparent time will be had by applying the 
equation of time, which will be explained hereafter, 

200. Example. To find the mean time at Greenwich, Nov. 
8, 1808, at 20^ 30" T, by the sidereal clock. 

N. 

• Sun's mean long. ■» „, q„ -q, ,„ , „„. 

Jan. 1, 1808, " j- ^ « Stf 1 ,1 337 

Mean motion. Nor. 8. 10 7 31 19 46 



7 17 29 20,1 
Equat equinoxes \ j. 11 I 

Mean long, at noon J b? 17 39 31,2 
from true equinox. J '^ 

This reduced to time gives 
Sidereal time at^noon IS"* Q^SS',! 
^ 30 7 



Interval fr6m noon i 5 oQ 89 

in sidereal time J ' 

reduction to mean time — 52,4 



5 19 16,5 



For any other place, the change of the sun's mean longitude, 
according to the longitude of the place, must be allowed for. 
Thus, for the Observatory of Trinity College, Dublin, the sun's 
mean longitude is 1' 1", 6 greater than at Greenwich, or 4% 16 
in sidereal time. 



ice'a Astronomy, vol. 3, pp. 4, 20, p. 40. Table 8. Solar TableiL 

1 coavenlent to have Tables by which Ihe mean longitude of the <un may 

at once In lidereal time. Sudi ue Tables 19 and 20 ia Dt. Maskelyne's 
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// 



HETHODS OP FINDING A MERIDIAN LINE. 



201 . The knowledge of the direction of tlie meridian is use- 
ful for several purposes, but absolutely necessary for adjusting a 
transit instrument Tike first step, and that the most difficult, is 
to find it nearly : when this is done, it may easily be corrected 
by help of die tranat instrument itself. Either of the two fol- 
lowing methods, espeaally the second, wiU serve at once for 
finding it sufficienUy near for most purposes, except for the 
tran^t instrument. 

202. On an horizontal plane describe several concentric 
circles of a few inches in diameter. In the centre place a wire, 
a few inches long, at right angles to ihe horizontal plane. Note 
in the forenoon the point where the shadow of the top of the 
wire just reaches any of the circles, and watch in the afternoon 
the point where the extremity of the shadow agun reaches the 
same circle. The arch intercepted between these two points 
being bisected by a radius, the radius will be in the direction of 
the meridian ; because the direction of the shadow is in the 
plane of the vertical circle passing through the sun, and die sun 
has equal azimuths at equal distances from noon, unless as far 
as the change of declination interferes. 

This meridian may be transferred to any near ^ace, by sus- 
pending a plnmb line direcUy over the southern extremity of 
the line drawn as above, and noting wh«i &e shadow ialls on 
that line : at this time anoOier plumb line, suspended at the 
place where the meridian line is required, will, by its shadow, 
diew the meridian. 

The imperfections of this method of finding a meridian line 
arise from the inexact termination of the shadow, and from the 
change of the sun's declination in the Interval of the two obser- 
vations. Hie latter inconveiu«ic8 is least in June and Decem- 
ber near the solstices. 
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^3. The other method is perhaps as simple and exact as 
con be expected without the assistance of a telescope, and is 
applicahle, even with a transit instrument. Observe when the 
pole star above the pole, and t Uraae Majorisj called Alioth, are 
in the same vertical ; a plane passing through these stars at that 
time is nearly in the plane of the meridian. 

The pole star and Alioth pass the meridian within about 
nine minutes of each other, the former being 1° 45' above flie 
pole, and the latter 33" below it. Alioth passing the meridian 
below the pole, about nine minutes before the pole star passes 
above the pole; it follows that the vertical circle passing through 
the polar star, and approaching the meridian, will be met by the 
vertical circle passing through Alioth, receding from the meri- 
dian, and therefore Aliodi and the pole star will be in the 
same vertical within less than nine minutes of time of the pas- 
sage of the pole star : and aB the pole star changes its azimuth 
very slowly, the vertical circle passing through these two stars 
must be nearly in the plane of the meridian. 

204. The deviation of this vertical circle from the plane of 
the meridian may be easily computed : for in general the sine 
of the azimuth is to the sine of the hour angle at the pole, as 
the sine of the polar distance is to the sine of the zenith dis- 
tance. Now the mean R. Asc. on Jan. 1, ISIO, 
Of a Polaris - = 0" 54' 37" 
Of Alioth - - = 12 45 41 
Hence when Alioth is on the meridian below the pole, the 
hour- angle at the pole star (:= 6" 56" in time) = 2° 14', and 
therefore the sine of the azimuth of the pole star when Alioth \ 
passes = ^i"-2°'4'-^i"-l° _4y ^ ^;^ ^^^ gg. ^,^ ^^^ ^, „^„i j 
^ sin.(co.lat.-l''45') ^ / 

This is the azimuth of the pole star, whwi Alioth is passing the 
meridian below the pole. When they are in the same vertical. 



b> Google 



140 ELEMENTS OF ASTRONOMY. [CRAF. XI. 

the common azimuth is somewhat less ;■ but the dtflerence is so 
small, that it is scarcely worth notice in this approximation to 
the meridian, which serves without t^lher correction for most 
common purposes. The changes of the right ascension from 
aberration are not noticed, because the method is only given 
here for an approximation. 

305. The following is a convenient way oi practising this 
method. Suspend two plummets, A and B, (Fig. 29), to each 
end of a rod CD. Vessels of water should be used for steady- 
ing the plummets. A pivot fixed to the middle of the rod 
should be supported on a socket at E ; so that the rod may turn 
steadily and freely. If Alioth and the pole star be observed in 
the plane of the plumb lines, that plane will be, in these lati- 
tudes, within about T of (he meridian. The eye will readily 
shew when they are nearly in the some Terticsl, and then the 
plumb lines, by turning the rod on its socket, may be easily made 
to pass through them, when exactly on ttie same vertical." 

206. Instead of the plumb lines, a transit telescope turning 
on an horizontal axis may be used. The deviation from the 
meridian of tiie telescope, so adjusted, may be found by observ- 
ing the transits of a star to the south of the zenith, and of the 
pole atar. The transit of the former will give the sidereal time 



■ The carrectlon of the azimuth a very eaail; computed ; ibr the tmgnUr motion 

of the Tcctiol of the pole star 1b to the angular motion of the vertical of Alioth, u 

It. of pole .tar ,_ .lne polar d l.t of Alioth ^^^ ,^ jg, jg^ ^ 



Bine lenitb diit. ' bid. zenith disL ^ ' aa-Hii' 

sin. 33° 

■ go 37 ■ ■ ' ' " nearlj-. There&re the azimuth of eommon vertical is to azi- 
muth of pole >tar, when Alioth paaieth, ai 11 to IS near!]'; and therefore azimuth 
of common vertical = }1X ">'= M nearly. 

^ This method can only be uaed when the polar alar paues the meridiaa above 
the pole, when it ia dark, that ii, from the end of August to the end of January. 
There ai-e no other itara so convenienl ibr this method, although Capella below the 
pole, and i Urac Hinoris above the pole, may ae 



^ 
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nearly, and comparing the time so found with the sidereal time 
given by the polar star, the difference, which may be considered 
B3 entirely the error from the pole star, will give the deviation 
from the meridian : for the deviation in seconds of a degree is 
to error in seconds of a degree of sidereal time of transit of pole 
star, as the sine of the polar distance of the pole star to the sine 
of the zenith distance. The reason of considering the whole 
difference, as the error of the pole star, is, that when the devia- 
tion from the meridian is small, the error of sidereal time from 
a star, southward of the zenith is very small, compared to the 
error from the polar star. This is a very convenient method of 
approximating at pleasure to the meridian. 

207. Hie deviation from the meridian may also be found by \ 
comparing the times of continuance of a circumpolar star on the | 
east and west sides of the meridian.' I 

A quadrant having an azimuth circle is very convenient for 
ascertaining the meridian, by observing equal altitudes on each 
side of the meridian, and then bisecting the arch of azimuth. 
If the sun he used, allowance must be made for the change of 
declination. 

A good clock will serve instead of an azimuth circle, by ob- 
serving equal altitudes of the sun or a star, half the interval of 
time corrected (if the sun is observed) will shew when the ob- 
ject was on the meridian, and thence the error of the clock will 
be ascertained, and so the time of the transit of any star may be 
computed, and the instrument adjusted at the time of that 
transit 



• Professor Vuice'a Practical Astroii. p, 82. 
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CHAPTER XII. 

6EOCENTRI0 AND HELIOCENTRIC PLACES OP PLANETS — NODES AND 
INCLINATIONS OF THEIR ORBITS —MEAN MOTIONS AND PERIODIC 
TIMES — DISCOVERIES OP KEPLER — ELLIPTICAL MOTIONS OF PLA- 
NETS. 

208. The fixed stars, as has been noticed, appear in the 
same place with respect to the ecliptic from whatever part of 
tlie aol^r system they are seen, but not so the planets : their 
places as seen from the sun and earth are very different, aud as 
their motions are pertbrmed about the snn, it is necessary to de- 
duce from the ohservatious made at the earth, the observations 
that would be made by a spectator at the sun. By this we ar- 
rive at the true knowledge of their motions, and discover that their 
orbits are neither circular, nor their motions entirely equable 
about the sun, although a uniform motion will, in some measure, 
solve the pheenomena of their appearances. 

It has before been shewn how the distances and periodic 
times of the planets are found, on the hypothesis of their orbits 
being circular, and their motions unifonn ,- it remains to shew 
how the places of the nodes and inclinations of the orbits may 
be found nearly, before we proceed to more accurate investiga- 
tions. For this, it is necessary to find from the geocentric lon- 
gitude and latitude (computed, from the right ascension and 
declination observed,) and the distance of the planet &om sun 
known nearly (art. 97 and 101) the heliocentric latitude and lon- 
gitude. 

209. Let S and E (Fig. 30) be the sun and earth, P the 
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planet, O its place, projected perpendicularly on the plane of 
the ecliptic, SA the direction of Aries, and EH parallel to SA. 
Then OEH and OEP ore the geocentric longitude and latitude 
of the planet, and OSA and PSO are the heliocentric longitude 
and latitude. From the right aacenBion and declination ob- 
served, and the right ascension and declination of the sun, we 
can compute the planet's angular distance fix>m the sun, or the 
angle SEP, For we have then the angle subtended at the pole 
between the sun and the planet, and the polar distance of each. 
Therefore in the triangle SEP, we know SP, SE, and the angle 
SEP ; from thence we can deduce FE, and thence OE, because 
OE : PE : : cos. OEP (geocent lat) : rad. Hence in the tri- 
angle SOE, ES, OE and angle SEC (diff. long, of planet and 
sun) are known, and so we can compute OSE. Whence, be- 
cause ESA = earth's longitude seen from sun = sun's longi- r 
tnde + 180° we obtain OSA the heliocentric longitude. Also 
because PS X sin. PSO = OP X rad. = EP X sin, OEP, we 
have sin. bel. lat : sin. geo. lat : : EP : PS, and thus the heli- 
ocentric latitude is known. 

210. From two heliocmtric longitudes and latitudes, the 
piece of the node and inclination of the orbit may be found. 
Let AR and AS (Fig. 31) be two heliocentric longitudes, PR 
and QS the heliocentric latitudes, and N the ascending node. 

Tn. L 1. ■ ..■ * sin. NB(=AR— AN) 
Then by spherical tngcmometry -i — |j_ •' = co- 
tan. PNR = sin-NS(=AS-AN) ^^ ^ Theorem, for sine 

tan. QS. ^ ■* 

of the difllerence of two arches) . 

sin. AR X cos. AN— cob. AR X ain. AN _ 
tan. PR — — 
sin. AS X cos. AN —cos. AS X sip. AN 
tan. QS. 
hence is deduced tan. AN = 
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sin. AN _ siii. AR x tan. QS-ain. AS X tan. PR, . 
C08.AN COS. A'R X tan. QS— cos. AS X tan. PR. 
AN is the longitude of the aacending node ; this being found, 

we have cot. PNR (inclin. of orbit) = ^iC • 

The best observations for ascertaining the place of the node, 
are those made when the planet is near its node on each side : 
the best, for ascertaining the inclination, are when tibie planet is 
&rthest from the ecliptic 

The above is applicable to Bnding accurately the place of 
&e node and inclination of the orbit, provided we bad the pla- 
net's distance from Uie sun, at each observation, accurate. How 
these may be found, will appear larther on. Therefore thus far 
it has only been shewn, how the distances, periodic timeB, places 
of the nodes, and inclinations ofthe orbits, may be nearly found. 

211. Among the most valuable observations for determin- 
ing the elements of a planet's orbit, are those made when a su- 
perior planet is in or near opposition to the sun, for then the he- 
liocentric and geocentric longitudes are the same. And a num- 
ber of oppositions being observed, the planet's motion in longi- 
tude, as would be observed from the sun, will be known. The 
inferior planets al80,when in superior conjunction, have the same 
geocentric and heliocentric longitudes: when in inferior con- 
junction, they differ by 180° ; but the inferior planets can sel- 
dom be observed in superior conjunction, or in inferior conjunc- 
tion, except when they pass over, which they rarely do, the sun*s 
disc Therefore we cannot so readily ascertain by simple ob- 
servation, the motions of the inferior planets seen from the sun, 
as we can those of the superior. 

212. TTie principal element for determining the place of a 
planet, is the mean angular velocity about the sun, called the 
mean Tnotion. llie periodic time is considered as invariable; 
but neither the real motion in its orbit, nor its angular motion' 
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about the sun are equable. ITie periodic time, being constant, 
may be tak^i as the measure of its mean motion ; or rather the 
mean angle described in any given time, as twenty-four hours 
(deduced by proportion, from 360° being described in the pe- 
riodic time.) 
' If the planet's place in its orbit, as seen from the sun, at 
any time, be known, its place at any other time will be had 
nithin a few degrees or less, by adding its mean motion, in the 
interval, to the former place : this is to be corrected according 
to the deviation of the true motion from the mean place. 

To obtain accurately the periodic time of a planet. Find | 
the interval elapsed between two oppositions separated by a long | 
interval, when the planet wag nearly in the same part of the zo- 
diac. From the periodic timel^own nearly, it may be found j 
when the planet has the same heliocentric longitude, as at the ' 
first observation. Hence the time of a complete number of re- 
volutions will be known, and thence the time of one revolution. 
The greater the interval of time between the two oppositions, 
the more accurately the periodic time will be obtained, because 
the errors of obsCTvation will be divided among a great number 
of periods; therefore by using very ancient observations; much 
precision may be obtained. 

213. The planet, Saturn, was observed in the year 228 b. c. 
March 2, (according to our reckoning of time) to be near the 
star Y Virginis, and at the same time was nearly in opposition to 
the sun. The same planet was observed in opposition to the 
sun, and having nearly the same longitude, in Feb. 1714. 

Whence it was found that 1943 common years, 1 18 days, 
21 hours, and 15 minutes had elapsed while die planet made 
66 revolutions. It being readily discovered that the time of a 
revolution vnis 29^ years nearly, it was easily ascertained that 
exactly 66 revolutions had been completed in the above inter- 
val, and therefore it follows that 29^ 162^ 4" 19"> is the time of 
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one revolaUon, which gives 2' 0", 58 for the mean motion in 24 
j hours. The above time of revolution is wilh respect to the 
equinoctial points, and, as the equinoctial points recede, the 
I time of a complete revolution in the orbit will be had by finding 
- the precession of the equinoxes in longitude in the above time 
of revolution, and thence computing, by proportion, the time 
the planet takes to go over the arch of longitude equal to the 
precession. In this way the time of a complete revolution is 
found to be 29' 174'' 11" 29" : this is called a sidereal revolu- 
tion, because it is the time elapsed between two successive re- 
turns of the planet to the same fixed star, when seen from the 
sun. The time of revolution with respect to the equinoxes, the 
same as the time of revolution with respect to the tropics, is 
called the tropical revolution. 

In the same manner ancient observations have been used for 
the other planets. Ptolemy has recorded several oppositions 
of Jupiter and Mars observed by him in the second century. 
From these Cassini computed, by the help of modem observa- 
tions, the periodic times with much exactness. Ancient obser- 
, vationa have also been used for Venus. Mercury, before tiie 
invention of telescopes, could not be se^, when near either in- 
ferior or superior conjunction, and therefore for this planet mo- 
dem observations only have been used : however its transits over 
the sun's disc have enabled us to obtain the periodic time with 
sufficient accuracy. 
* 214. The exact periodic time of the earth is readily found 
I by a comparison of two distant equinoxes ; the time of the equi- 
I nox is known by observing the sun's declination before and 
after the equinox, and thence the time when the sun had no de- 
clination, may be computed by proportion. Comparisons of 
good observations, separated by a long interval, give the time of 
returning to the same equinox, or the length of a tropical year = 
365'* 5" 48" 48" and as the recession of the equinoctial points 
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is 50"^ in a year, the sun will appear to move over this space in 
20" 23'i. Hence the periodic time of the earth or a sidereal 1 
year =: 365" ©■ 9" II'. ' 

215. The ancient observations of Jupiter and Saturn, com- 
pared witfi the modem ones, give the periodic time of the for- 
mer greater, and that of Saturn less, than what are found by a 
comparison of the modem ohservatioos. Tlie cause of this ia 
satisfactorily explained by the mutual attraction of these bodies 
to each other, and the quantity of variation has been computed 
by the help of physical astronomy. 

Tlie tropical year is less now than in the time of Hippar- 
chu3, according to the determination of Laplace, by about lO*. 

216. I^e next Inquiry is the deviation of a planet's motion 
from equable motion, for which the knowledge of the form of 
^e orbit, and law of motion in that orbit, are necessary. This 
brings us to the discoveries of Kepler, who first ascertained, 
from, the observations of Tycho Brahe, that the planets move iri "j 
ellipses about the sun, which is in one of the foci ; fliat the law $ 
of the motion of each planet is a^ld^, that it describes about the < 
BUn equal ar^s in equal times, and that the squares of the perio- ? 
die times are as the cubes of the greater axes of their orbits. ? 



Kepler, to whom we owe these important discoveries, was bom 
in 1571, and instinguiahed himself early in the seventeenth cen- 
tury. Naturally possessed of a most ardent desire of fame, it 
was fortunate for the progress of astronomy that he applied him- 
self to this science. He had Hie advuitage of referring to the 
numerous and celebrated observations of Tycho Brahe j who 
having, wUh unwearied exertions, constmcted instruments, far 
better than had ever been made, used them with equal assidu- 
■ ity in forming a connected series of most valuable observations. 
Tycho Brahe observed in the Island of Hnine, near Copenha> 
gen ; from whence, in consequence of most unmerited treat- 
l2 
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ment, he waa obliged to retire to Prague, whither Kepler, at his 
persuasion, came to reside. 

217. Kepler first applied himself to investigate the orbit of 
Mars,' the motions of which planet appeared more irregular 
than those of any other, except Mercury, which, from being 
seldom seen, had then been little attended to. He has left us 
the result of his inquiries, in his work, " De Motibus Stellte 
Martis," which will always deserve to be studied as a record of 
industry and ingenuity. It will not be convenient to enter here 
into many particulars of his labours. One of the most remarka- 
ble is, his long adherence to the hypothesis, that the orbits of all 
the planets must be circular, because a circle is the most per- 
jjfect figure. The planet was supposed to move in a circle de- 
I scribing equal angles about a point (punctum sequans) at a cer- 
I lain distance from the sun. In this he was sanctioned by all 
who had gone before him, and it was not till having in vain 
spent near five years in attempting to accommodate this hypo- 
thesis to the observations, that he could persuade himself to re- 
ject it, " Primus" meus error fiiit viam planctse perfectum esse 
circulum; tanto nocentior temporis fur, quanto erat ab authori- 
tate omnium Fbilosophorum instructior et metaphysicie in spe- 
cie convenientior." He afterwards proceeded by a method in 
which all conjecture was laid aside. From the numerous obser- 
vations of Tycho Brahe, Hiat had been continued upwards of 
twenty years,^he obtained many distances of Mars from the sun, 
and the angles at the sun contained by these distances, and at 
last discovered that the curve passing through the extremities of 
these distances was an ellipse ; in this manner arriving at a con- 
clusion, which he considered as fully repaying him for his trou- 
ble. His attempts, his repeated disappointments, all of which 



' Tbia waa meiely accidenlal. Vtd. Kepler De Motibus Stellce Marlis, p. 53. 
*> De Motihus Stel1» Marlis, cap. 40, p. 192. 



b> Google 



CHAP. XII.] THE SOLAR AND PLANKTARY THEORItCS. 149 

he has ingenuously recorded ; his ready invention in surmount- 
ing difficulties ; his perseverance at last crowned with success ; 
remain as highly useful examples to shew the value of genius 
and industry united. His adherence to the circular hypothesis, 
which was principally supported by its antiquity, affords a useful 
illustration of the inconveniences that may arise from not taking 
experiment and observation for our guides ; and by his ultimate 
success he may be said to have given an illustrious example of 
that method of philosophbing, which a few years afterwards was 
80 strenuously recommended by Lord Bacon. 

218. Kepler's method, by which he at last obtained tJie or- 
bit of Mars, will serve as a plain example of the manner of find- 
ing the orbit of a planet, and therefore may be considered as 
proper for an elementary work, although the present advanced 
state of astronomy furnishes others more convenient, but not so , 
simple. 

He considered the orbit of the earth as circular, the sun be- 
ing at a small distance from the centre, which the observations 
of Tycho were not sufficiently accurate to cMitradict, the orbit 
of the eortli deviating so little from a circle. Thus he was ena- 
bled to ascertain with sufficient preeision the relative distances 
of the earth from the sun at different times, and the angles de- 
scribed about the sun ; having discovered that the point of equa- 
ble motion was not, as astronomers at that time supposed, in the 
centre of the circle, but in the continuation of the line joining the 
sun and centre, and equally distant from the centre as die sun.* 

Let T and E (Fig. 32) be two places of the earth, when 
Mars is in the same place of its orbit. (These times are known 
from knowing the periodic time of Mars) ; P Mars, and M its 



■ The ancienl istrDnonieira had Bupposed this la be lo with respect to the pla- 
nets, but the hypothesis had been rejected by Copernicus. Il ii only nearly (lue in 
the orbiti lluil are of bduU eccenlricily. 
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projection on the plane of the ecliptic ; S the sun. The angles 
MTS and MES are known from observations : TS, SE, and 
angle TSE from knowing the orbit and motion of the earth. 
In the triangle TSE we can find STE and TES and TE. From 
these angles we find MTE and MET, and thence by help of 
TE we compute MT. Knowing MT,TS, and the included an- 
gle, we find MS. 

MT : MS : : cot. PTM (geo. lat.) : cot PSM (hel. lat.) thus 
we obtain the heliocentric latitude. Then cos. PSM (hel. lat.) : 
rad. : : SM : PS. 

219. By the numerous observations of Tycho Brahe, Kep- 
ler was enabled to verify the same distance from several pairs 
of observations, and also to find many different distances, and 
the angles at the sun contained by these distances. In this 

/ manner he also fou nd the greatest and least distan ces. Sup- 
posing the orbit circular, he had from these the diameter of the 
circle, and he could deduce any other distance at pleasure ; by 
which means he compared the distances computed on this hy- 
pothesis with the distances computed from observation, ^d. 
found that (he distances in the circle were always greater than 
the observed distances. Hence he was assured that the orbit 
was not circular, but oval. He was at last led to try an ellipse, 
having the sun in one of the foci ; this he found to answer by a 
comparison of a great number of observations of Mars. He 
soon concluded the same true for all the planets, and soon ascer- 
tained that each described equal areas in equal times round the 

220. ITie last discovery of Kepler was, that the squares of 
the periodic times are as the cubes of the greater axes of the 
ellipses. This discovery was made many years after the two 
former : he conceived there must be some relation between the 
motions of ttie respective planets, which led him to search for 
that relation, and the above law was the result, which seems to 
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have given him as much pleasure as any of hia discoveriea. We 
now know that this remarkable proportion is a simple result, 
from the principle of universal attraction which pervades alt bo- 
dies. How great must have been the satisfaction of Newton, 
who first established the existence of universal gravity, and by 
the application of mathematical principles, shewed that the three 
femous discoveries ofKepler were necessary consequences of that 
universal property of bodies. 

221, It will not be convenient here to enter into a farther 
detail of the methods by which all the particulars of the ellipti- 
cal motions of the planets have since been established. They 
may be found in the copious astronomical treatises of Ltdande, 
Professor Vince, Delambre, and others. 

The computationa made from the elements of the elliptical 
motions, agree so precisely with observation, that not a shadow 
of doubt can remain, that the planetary motions are performed 
according to the above laws; and all that may be thought neces- 
sary here is to shew briefly, how the geocentric place of a planet 
may be computed from the elements of its motion in an elliptic 
orbit about the sun, and so compared with the same given by 
observation. 

232. When a planet is at its greatest and least distances from 
the sun, it is said to be in Aphelion and Perihelion. "Die dis- 
tance of the sun from the centre of the ellipse is called the ec- 
centricity of the orbit. If the angular motion of the planet 
about the sun were uniform, the angle described by the planet 
in any interval of time, after leaving Aphelion, might be found 
by simple proportion, from knowing the periodic time, in which 
it describes 360° : but as the angular motion is slower near 
Aphelion, and faster near Perihelion, to preserve the equable 
description of areas, the true place will be behind the mean 
place in going from Aphelion to Perihelion ; and from Perihe- 
lion to Aphelion, the true place will be before the mean place. 
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The angle at the sun contained between the true and mean place 
is called the equation of the centre. The angle between the 
Aphelion and mean place is called the mean anomaly, and the 
angle between the true place and Aphelion, the irve anomaly. 

223. The tables give the mean place of the planet in its or- 
bit at some given time, called tlie epoch ; from thence the mean 
place at any other time may be found, either by the tables, or 
by proportion : if from this the place of the Aphelion be sub- 
tracted, the mean anomaly of the planet is obtained, and from 
thence the true place is to be found. The numerous calcula- 
tions, now requisite in astronomy, make it necessary that all the 
aid pos^ble should be derived from tables. Accordingly the 
tables give the mean motion about the sun for years, days, hours, 
&c., the place of the Aphelion," and the equation (tf the centre 
and distance from the sun, for different degrees of mean ano- 
maly. Thus we obtain thetrueplaceofthe planetasseen from 
the sun, and its distance from tlie sun. The difTerence between 
the place in its orbit and the place of the node gives its distance 
from the node ; whence, from knowing the inclination, we can 
compute its angular distance on the ecliptic from its node, and 
also its angular distance from the ecliptic, and thus find its he- 
liocentric longitude and latitude. Hence, knowing the earth's 
distance from the sun, and its place, as seen from the sun, we 
can compute, by the converse of the method in art 209, the 
geocentric latitude and longitude. 

The best tables of the motions of the planets contain the cor- 
rections to be applied, on account of the mutual attraction of 



• The lalesl French tables reckon (he anomaly from Perihelion, instead of 
Aphelion, as has been usual hitherto. This naa done to make the mode of reckon- 
ing limilat to that for comets, the motions ofirbich are necessarily ealiniated from 
Perihelion, and the intention eeemi to be, that in tatOK the anomaly of the planets 
thould be computed in the aaiot. manner. 
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the bodies of the system, by which their motions are disturbed, 
and by which also their nodes and Aphelia slowly change their 
places. 

234. The true place of the planet in the ellipse, or the true 
anomaly, may also be deduced from the mean in the following 
manner. 

I^et AN (Fig. 33) be the axis major of the orbit, S the aim, 
P the planet, NLIA a semicircle described on the axis major, 
and ACL = the mean anomaly. Draw IFD perpendicular to 
AN. The area ACL : area ALN : : mean anomaly ; 180° : : 
time of describing AP : time of describing APN : area* ASP : 
area APN : : (by prop, ellipse) area ASI : area ALN. Hence 
area ACL = area ASL Therefore sector LCI = triangle SIC. 
But as LI is small, the space between the chord and arc is very 
small, and therefore the triangles LCI and SIC are nearly equal, 
and consequentiy CI and LS are nearly parallel, and the angle 
LSC = ICD nearly. The angle ICD is called the eccentric 
ajuimaly. The sum of the angles LSC and SLC = LCA = 
the mean anomaly, CL + SC = SA, and CL- SC = SN. 
Therefore (by trigonometry) Aphelion distance SA : Per. dist. 
SN ; : tan. J mean anomaly : tan. ^ difi'. angles LSC and SLC. 
Let this diflF. = D. Tten ^ m ean^ggm. + ^ D = LSC_=s_ _ 
ICA (the eccentric anomaly) nearly. The eccentric anomaly 
so found may be easily farther corrected, at pleasure, in tiie fol- 
lowing manner. Because the sector LCI = the triangle SCI, 
we have" LCI x CI* = sin. SCI x SC x CI or LCI = 

sin. ICD X SC „ *i -c .L 
=r>, Consequently, if we use the eccentric ano- 
maly just found, for ICD, the error of LCI will be less than 
that of the sine of ICD, in the proportion of SC to CI. Hence 



" Not tbe degren, &i. in LCI, but the meMure of LCI lo radius unity. // *1 
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Bubtracting IX^I so found, from tbe mean anomaly, a much 
nearer value of the eccentric anomaly will be had. Using this 
new eccentric anomaly as before, a still nearer value will be had, 
&c. Two corrections will nearly suffice for all the planets. 
Tiua is one of the most obvious methods of correcting the ec- 
centric anomaly found above, but not the best adapted to prac- 
tice :* one much better may be derived from it. 

The eccentric anomaly being found, the true anomaly may 
be eauly deduced. For, from thsice the angle ISC in the tri- 
angle SCI can be found, and tan. ISD : tan. PSD : : ID : PD : : 
axis major : axis minor. Therefore PSD is known.** 

225. The problem for finding the true from the mean ano- 

Imaly, or, which comes to die same, to divide the area of j he 
semici rcle, by a line drawn fr om a point in the diameter, in a 
given ratio, has long been celebrated, and known by the name 
of Kepler's problem s he first endeavoured to solve it in conse- 
quence of his discovery, that a planet describes equal areas in 
equal times, about the sun. No exact solution can be given; 
it must be done either by continued approximaticm, or by help 
of a series. 

226. Astronomers were not long in adopting Kepler's dis- 
covery of the elliptical motions of the planets, but they long he- 
sitated in adopting the equable description of areas, in conse- 
quence of the difficulty it involved of finding the true from the 
mean place. They instead thereof had recourse to such hypo- 
theses for the law of motion, as would afford them easy rules 
for finding the true from the mean place, and at the same time 
would give the computed place nearly within the limits of the 
errors of observation. One of (he most, celebrated was that of 



* Vide AppendU, 

** This, altbough obvious, u nol best Bdspled far pracUce. For tan. 
am. ; tan. 4 true anoin. i : y'sph. dial.) ; '/fei. disl.l vide Appendix. 
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Seth Ward,* known by the immfe of the Simple Elliptic Hypo- 
thesis : its value was derived, not from its accuracy, but from 
the elegance of the analogy used. He supposed the motion 
equable about the focus in which the sun was not ; and from 
thence it easily follows, that the Aphelion dist. : Perihelion 
dist : : tan j mean anomaly : tan. ^ true anom. The anomaly 
thus found, may sometimes differ in the orbit of the planet Mer- 
cury 33' from the truth, and in that of Mars T',* The laws of 
motion asdgned by other authors differed less from the truth, 
but required more complex computations. As no satisfactory 
reason could be assigned for Kepler's law, any other law that 
appeared to shew with equal accuracy the motions of the pla- 
nets about the sun, had an equal claim to attention. This oc- 
casioned the invention of several different hypotheses before the 
time of Sir Isaac Newton : but hia discoveries having fully esta- 
blished the Keplerian law, they were soon laid aside. 

The first approximation above given for the eccentric ano- 
maly, may occasion an error of 5' in the anomaly of Mercury, 
of 20" in that of Mars, &c. 



>I( has generally gone by the name of Ward's Solution ; yet he did not claim 
ihii owa, but .acknowledged himself indebted to Bouilliald for tbe hi^t [bit led 
iloit. The fact is, thai Keplei himaelTwaB not ignorant of it oi an appminia- 
1, but rejected it as not sufficiently accurate. 

^ Trans. R. 1. Academy, vol. ix. p. 143, &c3 
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327. The following table exhibits the elliptic elementB of 
the orbits of (he principal planets. 
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New planet Vesta. 
The eccentricity of the orbit 
Place of Aphelion 
Mean motion in 24 hours - 

Juno. 
Eccentricity of the orbit 
Place of Aphelion 
Mean modon in 24 hours ~ 

Ceres. 
The eccentricity of the orbit 
Place of Aphelion 
Mean motion in 24 hours - 

Pallas. 
Eccentricity of the orbit 
Place of Aphelion 
Mean motion in 24 hours - 
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CHAPTER XIII. 
t 

ON THE MOTIONS OF THE MOON — SATELLITES— COMETS. 

228. The satellites also revolve in elliptic orbits round their 
respective primary planets, having the same law of periodic 
times, but considerable deviations from the equable description 
of areas take place. In consequence of the disturbing force of the 
sun on the satellites, and of the satellites on each other. 

The moon being a solitary satellite, we cannot apply the law 
of the periodic time to it. But its orbit is nearly an ellipse, and 
it nearly describes areas proportional to the times, the deviation 
from which arises from the disturbing force of the sun. This 
ellipse, however, does not retain the same positiou ; that is, its 
points of greatest and least distance, called its apogee and peri- 
gee, do not retain the same position, but move according to the 
order of the signs, completing a revolution in about nine years. 

The laws of the principal irregularitie:^ of the moon were 
discovered long before the cause of them. 

229. The greatest difierence between the true and mean 
place of the moon, arising from its elliptic motion, or the great- 
est equation of the centre, is 6" 18', and this is the most consi- 
derable deviation from its mean place. But besides the qui<^ 
motion of the apogee, completing a revolution in nine years, the 
eccentricity oftiie ellipse is also variable: hence the motions of 
the moon appear so irregular, that it would have been almost 

for the«e irregulaiiliea (impraperlf lo called) 4re itfled 
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impossible to have developed the elliptic motion from the phte- 
nomena ; and therefore without a knowledge of the form of the 
planetary orhits, it is hardly to be supposed that an ellipse could 
have been applied for explaining the motions of the moon, 'al- 
Aiougfa at first sight the superior advantage of being in the cen- 
tre of the orbit might lead us to suppose that the laws of its mo- 
tions would be more easily known. 

230. The periodic time of the moon may be ascertained 
with great exactness from the comparison of ancient eclipses with ' 
modem observations. At an eclipse of the moon, the moon be- 
ing in opposition to the sun, its place is known from the sun's 
jAacG, which can, back to the remotest antiquity, be computed 
with precision. Three eclipses of the moon, observed at Baby- 
lon in the year 720 and 719 b. o. are the oldest observations re- 
corded with sufficient exactness. Byacomparison ofthesewith 
modem observations, the periodic time of the moon is found to 
be 27'* 7" 43" ll'j, not differin^a second from the result ob- 
tained by recent observations. Yet we cannot use those ancient 
observations for determining the mean motion at the present 
time ; for by a comparison of the above-mentioned eclipses with 
eclipses observed by the Arabians in the 8th and 9th centuries, 
and of the latter with the modem observations, it is well ascer- 
tained that the motion -of the moon is now accelerated. This 
was first discovered by Dr: Halley, and, aincfi his time, has be^i 
perfectly established by more minute computations. For a con- 
siderable time the cause remained unexplained ; till M. La- 
plece shewed it to be a variation of a very long period, arising 
from the disturbance of the planets in changing the eccentricity 
of theeartfa'sorbit He hascomputed its quantity, which closely 
agrees with that deduced from observaticn. The moon's secu- 
lar motion, the motion in a century, is now 7'^ greater than it 
was at the time the above-mentioned eclipses were observed at 
Babylon. 
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231. The two principal corrections of the mean place ofthe 
moon, beside that ofthe equation of the centre, are called the 
evecHoH and variation. The erection depends upon the change 
of the eccentricity of the moon's orbit, and sometimes amounts 
to l" SC. This was discovered by Ptolemy. The variation 
which nas discovered by l^cho Brahe depends upon the angu- 
lar distance of the mocm from the sun, and amounts, when 
greatest, to 35'. The other corrections arise only to a few mi- 
nntes. But the number of corrections or equations used at pK- 
sent in computing the longitude alone of the moon, are thirty- 
two, and in computing the latitude, twelve. 

232. It was before mentioned, that the nodes ofthe lunar 
orbit move retrograde, completing a revolution in eighteen years 
and a half. This motion is not uniform. The inclinaticm of 
the orbit remains nearly the same, but not exact. The motioa 
of the apogee is subject to considerable irregularities ; its true 
place sometimes differs 12J° from its mean place. This was 
known to the Arabian astronomers, but seems to have been first 
accurately stated by Horrox, whose extraordinary astronomical 
attainments will be afterwards noticed. He shewed the law of 
its change, and gave a construction for determining its quantity, 
which was adopted by Newton. 

233. On all tbese accounts the computation of the exact 
place ofthe moon from theory -is very difficult, and the formatimi 
of proper tables is one ofthe greatest intricacies in this science. 

No small degree of credit is due to the industry of those 
who, by observation alone, discovered the laws of the principal 
irregularities. Ptolemy, by his observations and researcfaea, de- 
termined the principal elements of the lunar motioBs with much 
exactness. Horrox, who adopted tiie discoveries of Kepler, 
formed, about the year 1640, a theory of the moon, founded 
partly on his own observations. From thb theory, Ftamste^ 
about the year 1670, computed tables, which he found gave die 
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place of the moon &r more accurate than any other. Flamstead 
himself soon after furnished obseiratjons, by which Sir Isaac 
Newton was enebled to investigate, by the theory of gravity, the 
lunar irregularities, which he has given in his ever memorable 
work. Notwithstanding the field opened by the publication of 
the " Principia," and the knoim necessity of exact tables of the 
moon for the discovery of the longitude at sea, seventy years 
elapsed from die publication of that great work, before any ta- 
bles were formed for the moon, which gave its placS within one 
minute. Clairaut made, after Newton, the first considerable 
advances in the improvement of tlie lunar theory from the prin- 
ciples of gravitation. Professor Mayer, of the university of 
Gottingen, first published tables, by which the moon's place 
might be computed to one minute. Tlie ingenuity exhibited 
in his theory and tables, and the incredible labour exerted in 
their computation and verification, will always render his me- 
mory distinguished. He died in 1762, at the early age of 
thirty-nine, worn out by his great and incessant exertions. His 
widow received from tlie British parliament a reward of £3000. 
About the year 1780, Mr. Mason, under the direction of Dr. 
Mastelyne, to whom modern astronomy is so much indebted, 
improved, by considerable alterations and additions, the tables 
of Mayer. Till very lately these were the tables generally used. 
Improved tables have now been furnished by M. Burg of Vienna, 
which appear to give the place of the moon to less than twenty 
seconds. The improvements in these tables were founded en- 
tirely on the observations of Dr. Maskelyne, for which purpose 
3600 places of the moon, observed at Greenwich in the space 
of about thirty years, were used. 

The tables of M. Burg have been superseded by those of M. 
Burckhardt, which are now used in computing the JVautical 
Almanac, and Conn, des Temps. They are probably more ac- 
curate, and certainly more convenient than those of M. Burg. 
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334. Eclipses of Jupiter's satellites furnish us with ready 
mediods of finding the principal el^nents of their orbits. Their 
mean motions about the centre of Jupiter are deduced by ob- 
serring, after a long interval, the time elapsed betwe^i two 
eclipses of the same satellite, when Jupiter is near opposition. 
In this manner the mean motion may be attained to with great 
accuracy. The places of the nodes and the inclinBtiws of their 
(Kbits, may be found by obeerring the different durations of the 
eclipses of the same satellite. Their orbits ore all inclined by 
anglea less than 4° (o the plane of Jupiter's orbit. The two first 
satellites move in orbits very nearly circular, as asbtmomers 
have not been able to detect any eccentricity. The third has a 
variable eccentricity. The orlnt of the fourth satellite is more 
eccentric. Hie inclinations of their orbits, and the places of 
their nodes, are variable. 

The complete illustration of the motioi» of the satellites 
from gravity was, till about thirty years ago, a defflderatum in 
astronomy. Tlie attraction of the satellites to each other prin- 
cipally occasions the difficulty. M. Laplace has since fully de- 
veloped their motions, and furnished Theorems, by which M. 
Delamtn^ has computed tables, which give the. times of the 
edipses with great exactness. 

235. It is a very remarkable circumstance, that the mean 
longitude of the first satellite, together with twice that of the 
third, always exceeds three times the mean longitude of the se- 
cond by 180°. From whence it follows, that the mean motion 
of the first, together with twice that of the third, is equal to 
three times the mean motion of the second. M. I^place sup- 
poses this was only nearly true with respect to the primitive 
motions, and that the mutual action of the satellites rendered 
the relati(»i exact, as we find it. From the former relati<m it 
follows, that the three inner satellites can never be eclipsed at 
the same time. 
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llie three inner satellites of Jupiter return to the same po- 
sition, with respect to one another, in 437| days. Hence this is 
the period of the irregularities of the three first satellites arising 
from their mutual disturhance. 

336. Little more is known of the satellites of Saturn than 
their periodic times and distances from Saturn, and that the 
planes of the orbits of the first six are neariy in die plane of the 
ring, while that of the seventh is connderably inclined to that 
plane. 

ON THK ORBITS AND PERIODIC RETURNS OF COHKTS. 

237. When a comet appears, the obserrations to be made 
fbr aacertaining its orbit are of its declinati(Hui and right ascen* 
»ons, from which the geocentric latitudes and Imgitudes are 
obtained. These observations of right aacennon and declina- 
tion must be made rather with an equatoreal instrument, or bf 
measuring mtii a micrometer, the diflerences of the declination 
and right ascension of the comet, and a neighbouring fixed star. 
The obtervations ou^t to be made with the utmost care, as a 
small error may occasion a considerable one in the orbit. Tbe 
orbits of the planets being elliptical, it would naturally occur to 
fry whether the motions of the com^ are not also in elliptical 
orbits. But here the difficulty is mudi greater than tor the 
{Janets. For the latter we have observations in every part of 
their nearly circulu- orbits. For the comets we have obserra- 
tions mily in a small part of tiidr orbits, which are very eccen- 
tric, and of which many nu^ considerable angles with the eclip- 
tic. Hence to determine (he orbit of a comet, from such ob- 
servaticms as we can make during its appearance, ranks am<Hig 
the most difficult problems in astronomy. 

236. Before the time of Newton, astronomers either did not 
suppose their orbits elliptical, or despwred of being able to de- 



byGooglc 



CHAP. XIII.] OF COMETS. 163 

termine them from obeervBtion. Not long, however, before the 
. publication of Uie " Principia," M. Doerfell, e German, fovmd 
that the naotioD of the fanious comet of 1680, might be nearly 
reiwesented by a paralxda, having the sun in its focus. This 
comet appeared to approach the sun directly, and descend fitHn 
it again in Uie same manner. 

When the action of grari^ was subjected to calculations by 
the illustrious Newton, the theory of the motions of comets be- 
came perfectly und^^ood, and it was concluded that their or- 
bits in gen^fll were very eccoitric ellipses. But in computing 
an orbit from ebservations, all we are in general able to do, is 
to represent, with accuracy, the comet's motion while in the 
neighbouHiood of the sun, and visible to us. We can do this 
by su|^sing the orbit a parabola, and on that hypothesis, 
computing its elements, in which way we can determine its paUi 
with sufficient exactness to make the observed uid computed 
places agree very nearly with each other.' It is seldom, indeed, 
that we can expect to compute flie ellipdc orbit from the few 
observations we are enabled to make. We may, it is true, de- 
duce many eccentric ellipses that will represent, with the same 
accuracy as the parabola, the apparent motion. Were we to at- 
tempt to compute the exact ellipse, the necessary wrors of ob- 
servation would render our conclusions quite uncertain. Hence, 
in general, we have no knowledge of the axis, and consequently 
of the periodic time, but from former observations of the same 
comet. 

239. ThCTB are five elements vrliich we may consider as de- 
termining ttie identity of a comet : these are the Perihelion dis- 



Sir Irau: Devton Aut gave the wilutiMi of UiU prrtlen, wbidi he eslli "longe 
DiSktent iolutioci* him lince been given by t»rioiu«uUior». The 
that of LapUce. (Mecanique CeleMe, torn. 1, p. S21.) 

m2 
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tance, Ibe place of the PerifaeUon, the jdace of the node, the 
dination of its orbit, and its motion being direct or retrograde. 
If two comets, rectvded in history, ore found to agree in these 
inrciim stances, there can hardly he anf doubt of their identity, 
and consequently we obtain the knowledge of its periodic time, 
and are enaljled to point out the ftiture appearances of the 
comet. 

240. Dr. HaUey found that the comet which he observed in 
1682, agreed in these drcumstances with that observed by Kep- 
ler in 1607, and irith that observed by Apitui in 1531, whence 
he foretcJd that it would return again to the latter end of 1 758, 
remarkiHg, that it would be retarded by ihe attraction of Jupi- 
ter. Its motion was retrograde, and the elements of the orbit 
deduced by Dr. Halley from the observations of Apian in 1531, 
of Kepler in 1607, andof himself in 1682, also the elements de- 
-iced from the observations in 1759, were as follow : 
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TTiis comet was retarded by tiie action of Jupiter, as Dr. 
Halley had foretold. This retardation was more exactiy com- 
puted by Clairaut, who also calculated the retardation by Sa- 
turn. The result of bis computation, published before the re- 
turn of the comet, fixed April 15 for the time of the passage 
through Perihelion : it happened on March 12. Dr. Halley's 
own computation appears also very exact, when it is considered 
that he did not allow for the retardation by Saturn. 



b> Google 



CHAP. XIII.] OF COMETS. 165 

A comet was expected in 1789, because one observed in 
1532 was supposed to be the same as one observed in 1661. 
Halley mentioned the probability of their being the same, but 
not with confidence, and the event has made it very doubtful 
whether they were the same. 

241. An ingenious computation has been made by Laplace 
from the doctrine of chances, to shew the probability of two co- 
mets being the same, from a near agreement of their elements. 
It is unnecesaary to detail at length the method here. It sup- 
poses that the number of diflerent comets does not exceed one 
million, a limit probably sufficiently extensive. The-chance 
that two of these, differing in their periodic times, agree in each 
of the five elements within certain limits, may be computed, by 
which it was found to he as 1200 : 1 that the comets of 1637 
and 1682 were not different, and thus Halley was justly almost 
confident of its re-appearance in 1159. As it did appear then, 
we may expect, with a degree of probability approaching almost 
without limit to certainty, that it will re-appear in 1835 at the 
completicm of ita period. But with respect to (he- eomet pre> 
dieted for 1789, from the supposition that those of 1661 and 
1532 were the same, the case is widely different. From the dis- 
crepancy of the elements of these comets, the probability that 
tiitey were the same is only 3 to 2, and we cease to be surprised 
that we did not see one in ] 769. 

Comets that appeared in 1264 and 1556 are supposed to 
have been the same, whence this cnnet may again be expected 
in 1848. 

242. A comet appeared in 1770, very remarkable from the 
result of the computations of Lexell, whidi indicated a period 
of only 5i years ; it has not been observed since. There can 
be no doubt that the periodic time of the orbit, which it de- 
scribed in 1770, was justly determined ; for M. Burckhardt has 
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since, widi great care, re-computed the observations, and his re- 
sult gives a periodic time of 5J years.' 

Lexell had remarked, that this comet, moving in the orbit 
he had inresligated, must have been near Jupiter in 1767, and 
and would also be very near it again in 1779, &om whence he 
concluded that the former approach changed the Perihelion dis- 
tance of the orbit, by which the comet became risible to us, and 
that in consequence of the latter approach, the Perihelion dis- 
tance was again increased, and so the comet again became inTi< 
Nble, even when near its Perihelion. This explanation has been 
in a manner confirmed by the calculations of Burckhardt, from 
formulas of Laplace. He has foimd, that heioro the approach 
of Jupiter, in 1767, the Perihelion distance might have heea 
5,08, and that after the approach in 1779, it may have become 
3,33, the earth's distance being unity. With both thesa 
Perihelion distances the comet must have been invisible dur* 
ing its whole revolution, ITie PeriheliMi distance in 1770 
was 0,67. 

243. Tliis comet was also remarkable by having approached 
nearer the earth tiian any other comet that has been observed : 
and by that approach having enabled us to ascertain a limit of 
its mass or quantity of matter. Laplace has computed, that if 
it had been equal to the earth, it would have shortened the 
length of our year by ^ of a <fey. Now it has been perfectly 
ascertamed, by the etMnputationa of Delambre on the Greenwich 
observations of the sun, that the length of the year has not been 
changed in consequence of the approach of that comet by any 
perceptible quantity, and thence Laplace has concluded that 
the mass of that comet is less than y^^^ of the mass of the 
earth. The smallness of its mass is also shewn by its having 



• Laplace Mecanique celesle. Tom. 
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traversed the orbits of the satellites of Jupiter without having 
occasioned any alteration in their motions. From these and 
other circumstances, it seems probable that the masses of the 
comets are in general very incondderable ; and therefore that 
astronomers need not be under apprehensions of having their 
tables deranged in consequence ot the near approach of a 
comet, to the earth, or moon, or to any bodies of the system. 
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CHAPTER XIV. 

ON ECUF8E8 OP THE BUN AND HOON — TRANBIT8 OP VENUS AND 
MERCURY OVER THE SUN'b DISC 

244. The eclipaes of the Bun and moon, of all the celestial 
jrfienomena, have most and longest engaged the attention of 
mankind. They are now in every respect less interesting than 
formerly; at first they were objects of superstition ; nest, be- 
fore the improvements m instruments, they served for perfecting 
astronomical tables ; and last of all, they assisted geograi^y and 
navigation. Eclipses of the sun still continue to be of impor- 
tance for geography, and in smdc measure for the veriBcation of 
the tables. 

ECLIPSES OF THE MOON. 

SJ45- An eclipse of the moon being caused by the passage 
of the moon through the conical shadow of the earth, the mag- 
nitude and duration of tha eclipse depend upon the length of 
the moon's path in the shadow. 

Let AB and TE {Fig. 34) be sections of the sun and earth 
by a plane, perpendicular to the plane of the ecliptic. Let . 
ATV and BEV touch these sections externally, and BPG and 
AMN internally, liet these lines be conceived to revolve 
about the axis CKV ; then TVE will form the conical shadow, 
from every point of which the light of the sun will be excluded.. 
ITie spaces between GT and PV and between VE and MN will 
form the penumbra, from which the light of part of the sun will 
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be excluded, more of it from the parts near TV and EV than 
from those near PG and MN. 

The semi-angle of the cone (TVK) = sem. diam. aun 
(CTA)— horizontal parallax of the sun (TCK). The angle 
subtended bytlie semi-diameter of the section=SKV=TSK— 
KVT = horizontal parallax of the moon + horizontal parallax 
of the sun — semi-diameter of the sun. 

The angle of the cone being known, the height of the sha- 
dow may be computed. For height of shadow : rad. of earth : : 
rad. : ten. ^ angle of cone ; also the diameter of section of the 
^adow at the moon is known, for j SO : dist. moon : : tan. sem. 
diam. of section of shad. : radius. 

The height of the shadow varies from 213 to 220 semi-dia- 
meters of the earfli, and nearly varies inversely as the apparent 
diameter of the sun. 

246. When the moon is entirely immersed in the shadow, 
the eclipse is total ; when only part of it is involved, partial ; 
and when it passes through the axis of the shadow, it is said to 
be central and total. The breadth of the section of the shadow 
at the distance of the moon is about three diameters of the 
mooD ; therefore when the moon passes through the axis of the 
shadow, it may be entirely in the shadow for nearly two hours 
(art 132.) 

The angle SKV is, when greatest, about 46* : therefore as 
the moon's latitude is sometimes above 5°, it is evident an 
eclipse of the moon can only take place when it is near ib 
nodes. 

347. The circumstances of an eclipse of the moon can be 
readily computed. 'The lat of the moon at opposition, the time 
of opposition, the horizontal parallax of the moon, and diame- 
ters of the sun and moon are known from the tables. Let the 
circle OCK (Fig. 35) represent the section of the shadow at 
the moon, EF the patfa of the centre of the moon, OC the eclip- 
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tic, and CL the latitude of the mooii at oppositioo. lo the right 
angled triangle CHL we know CL and HCL (= the inclina> 
tkm of the lunar orbit neaiiy). Hraice we find HC and HL. 
HC never diflfers more than a few seconds from CL. From 
HC and CF (the sum of the semi-diameters of the section of 
the dtadow and ukhui) we compute FH ( = HE) and thence EL 
andLF. By the tables we can compute the angular velocity of 
the moon in ita orbit relatively to the sun (or its opposite point 
G) at rest. Thence we can find the time of describing FL and 
LEi or the time from the beginning of the eclipse to opposition, 
and the time frt»Q opposition to the end- And as the time of 
opposition is known, the times t^ beginning and ending of the 
eclipse are known. 

If the diameter rbHt of the moon be ^vided into twelve 
equal parts, called digits ; then, according to the number of these 
in bt, the eclipse is said to be of so many digits. 

S48. The greatest distance of the moon, at opposition, from 
its node, that an eclipse can h^pra, is above 1 H", and is called 
its ecliptic limit. When the moon is nearest the earth, let CD 
(Fig. 36) represent the semidiameter of the shadow at the 
moon, and LD the s^nidtameter (^ the moon touching it ; LN ' 
the apparent path of the moon, and N the place of the node. 
Tiien NC is the limit of the distance of the node from conjunc- 
tion, at which an eclipse can happen. 

Sin. angle N (5» IT) : rad. : : sin. CL (sem. moon -(-|sem. 
section =; 63' wh«i greatest) : sin. NC (11^°.)- 

249. If (he moon's nodes were fixed, eclipses would always 
happen at the same time of the year, as we find the transits of 
Venus and Mercury do, and wilt continue to do for many ages : 
but as the nodes perform a revolution backward in about 18^ 
years, the eclipses ha^^n sooner every year by about nineteen 
days. 

In 2S3 lunations, or 16 years, 10 days, 7 hours, and 43 mi- 
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imtes, or 18 y«ara, 1 1 days, 7 hours, and 43 miautes, according 
as there are five or four leap years in the interim, the moon re- 
turns to the same position nearly with respect to the sun, lu- 
nar nodes, and apogee, and therefore the eclipses return nearly 
in the same circumstances : this period was called the Chaldew 
Saros, being used by the Chaldeans for foretelling eclipses. 

250. From the refraction of the sun's light by the atmos- 
phere of the eartli, we are enabled to see the moon in a total 
eclipse, when it generally appears of a dusky red colour. The 
moon has, it is said, entirely disappeared in some eclipses. 

The Penumbra makes it very difficult to observe accurately 
the commencement of a total eclipse d' the moon ; an error of 
above a minute of time may easily occm-. Hence lunar eclipses 
now are of little value for finding geographical longitudes. 
The best method of observing an eclipse c^ the moon is by 
noting the time of the entrance of the different spots into llie 
shadow, which may be con^dered as so many different obaer- 
vations. 

ECLIPSES OF THE SUN. 

251. From what has been said of tlie earth's shadow, it is 
easy to see that the angle of the moon's shadow is nearly equal 
to the apparent diameter of the sun- Hence we compute that 
the length of the conical shadow of the moon vwies from SOJ to 
551 semidiameters of the earth. The moon's distance varies 
icosn 65 semidiameters to 56. Therefore some^es when the 
moon is in conjunction with the son, and near her node, the 
shadow of the moon reaches the earth, and involves a small por- 
tion in total darkness, and so occasions a total eclipse of the 
sun. TTie part of the earth involved in total darkness is always 
very small, it being so near the vertex of the cone ; but the pert 
involved in the Penumbra extends over a considerable portion 
of the hemisphere turned toward the sun : in these parts the 
sun appears partially eclipsed. 
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25'2. The length of the ehodow heing someUmes less than 
the moon's distance from the earth, no pert of the eardi will be 
involved in total darkness ; but the inhabitants of tliose places 
near the axis of the cone will see an annular eclipse, that is, an 
annulus of the sun's disc will only be visible. Thus let HF, 
LU (Fig. 37) be sections of the sua and moon. Produce the 
axis SV of the cone, to meet the earth in B : from B draw tan- 
gents to the moon, intersecting the sun in I and N. The circle, 
of which IN is the diameter, will be invisible at B, and the an- 
nulus, of which IH is the breadth, will be visible. 

It has been computed that a total eclipse of the sun con ne- 
ver last longer, at a given place, than 7° 38", nor he annular 
longer than 12°° 24'. /Hie diameter of the greatest section of 
the shadow that can reach the earth is about 180 miles. 

253. The general circumstances of a solar eclipse may be 
repres^ited by a projection with considerable accuracy, and a 
map of its progress on the surface of the earth constructed. 
(Professor Vince's Aatron, vol. 1.) 

The pbfenomena of a solar eclipse at a given place may be 
well anderstood by consuderlng the apparent diameters of the 
gun and moon on the concave surface, and their distances as 
affected by parallax. When the apparent diameter of the sun 
is greater than ^t of the moon, the eclipse cannot be total, but 
it may be annular. 

From the tables we compute for the given place the time 
when the sun and moon are in conjunction, that is, have the 
same longitude. From the horizontal parallax of the moon, 
given by the tables, at this time, we compute its effects' in lati- 
tude and longitude ; by applying tliese to the latitude and lon- 
gitude of the moon, computed from the tables, we get the appa- 
rent latitude and longitude, as seen on the concave surface ; and 



»0i ratbti the effecti of the difleience of the paraUues oCihe sun aai m 
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knowing Uie longitude of the sun, we compute the apparent 
distance of their centres, from whence we can nearly conclude 
the time of the beginning and ending of the eclipse, especially 
if we compute by the tables the apparent horary motion of the 
moon in latitude and longitude at the time of the conjunction. 
Ahoiit the txmjectured time of beginning, compute two or three 
apparent longitudes and latitudes, and from thence the appa- 
rent distances of the centres, from which the time may be com- 
puted by proportion when the apparent distance of the centres 
is equal to the sum of the apparent seiiiidiameters, that is, the 
beginning of the eclipse. In like manner the end may be de- 
termined. The magnitude also of the eclipse at any time may 
be thus determined : let SE (Fig. 38) be the computed appa- 
rent difference of longitude of the centres L and S, LE the 
computed apparent latitude of the moon. In the triangle LSE 
we hare therefore LE and ES to find SL the distance of tlie 
centres. Hence mn (the breadth of the eclipsed part of the 
sun) s: Ln + Sm— SL is known. 

254. The ecliptic limits of the sun (the greatest distance of 
the conjunction from the node when an eclipse of the sun can take 
place) may be found as follows : let CN and NL (Fig. 39) be 
the ecliptic and moon's path, and CN the distance, when great- 
est, of the conjunction from the node; as the angle N (the iif- 
clination of the orbit) may be con^dered as constant, when CN 
is greatest, CL, the true latitude of the moon, is greatest The 
true latitude = apparent latitude ± parallax in latitude = (when 
an eclipse barely takes place) sum of the semidiameters -f- 
parallax in latitude. Therefore at the ecliptic limits the paral- 
lax in latitude is the greatest possible, that is, when it is equal 
to tlie horizontal parallax. Hence CL = semidiameter moon 
+ sem. diam. sun + hor, par. moon.' Therefore CL (when 

■Ilie acarcely necessary lo mention the horizontal paraUa^c of the sua in Ibis in- 
lealigaUan. Il thould properly lie the horizontal pttiBllai ofthe m»on— hoi. par. lun. 
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gtertest) =» 33' + 61' (= I' 34') neariy. And because sin. 



. cot N X t 



NC ._ 

rad. 

edipae may happoi within this limit ; but if we take CL = Sfy 

+ 54' (the leaat diameters and least parallax) = 1° 24' we find 

NC = 15° 19' and on eclipse rmat happen within this limit 

255. There must be two eclipses, at least, of the sun e¥ery 
year, because the sun is above a month in moving through the 
solar ecliptic limits. But there may be no eclipse of &» moon 
m the course of a year, becAuse the son is not a numth in mov- 
ing diroug^ the lunar ecliptic limits. 

When a total and central eclipse of the nH>on happens, thwe 
nny be solw eclipses at die new moon precedii^ and following, 
because, between new and full moon, the sun moves only about 
IS", aii therefore the iH*eceding and following conjuncUons will 
be at less diatuices from the node than the limit for eclipses of 
the sun. As the same may take place at the opposite node, 
there may be six eclipses in a year. Also when the first eclipse 
happens early in January, snodier eclipse of the sun may take 
place near ^te end of the year, as the nodes retrograde nearly 
20° in a y«ir. Hence there may be seven eclipses in one year, 
fife of the sun, Mtd two of the raocNn." 

256. 'Hins miore solar duH hrnar etdipses happen, hut few 
solar are visible at a ^ven place. 

A total edipse of the sun, April 22, 1715, was seen in most 
parts of the sonth of Bigland. A total eclipse of the sun had 
not bewi seen in London since the year 1 140. 

llie echpse of 1715 was a very remarkable one; durii^flie 
t9t]d darkness, which histed in Loudon 3" 23*, the pUnM Jupi- 
ter, Meronry, and Venus were seen ; also Uie fixed Oan Capelk 
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bnd Aldebaran. Dr. Halley has given a very interesting ac- 
count of thisectipee,* which is said by Maclaurin to be the best 
description of an eclipse that astFonomical history afibrds. A 
particular account is also given in the 1^1. IVans. by Maclau> 
rin of an annular eclipse of the sun, observed in Scotland, Feb. 
18, 1737. He remarics, that this phamomenon is so rare, that 
he could not meet with any particular description of an annular 
eclipse recorded. This eclipse was annular at Edinbur^ dur- 
ing 5" 48". 

257. The beginning and end of a solar eclipse eaa be ob- 
served with considerable exactisss, and are of great use in de- 
termining die longitudes of places : but the computation is com- 
plex and tedious, from the necessary allowances to foe made for 
parallax. 

TRANSITS OF VENUS AND HERCDRT. 

258. The planets Venus and Mercury are sometimes in in- 
ferior coi^unction when near their nodes : they then appear as 
dark and well defined spol^ on the body of the sun. Mercury 
can only be seen by the assistance of a telescopCi but Venus may 
be seen by the eye, defended with a smoked glass, or on the 
image of the nm Ibnned in a dark room by an aperture in the 
window. Venus appears in a telescope, a well defined black 
^t, 57" in diameter. The diameter of Mercury is only about 
11". 

259. The transits of Mercury are much more frequent than 
those of Venus. Tliis is merely accidental, arising from the 
proportion of the periodic time of Mercury to that of the Earth, 
being nearly expressed by several pairs of small whole numbers. 
If an inferior planet be observed in conjunction near its node 

■ Phil. TrBiH, Vol. SB. 
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{or in a certain place of the Zodiac), it will be in conjunction in 
the same place of the Zodiac, after the planet and the earth 
have each completed a certain number of revolutions. Now it 
is easily computed from the periodic times of Mercury and the 
Earth, that nearly 

7 per, of Hxe Efuih's rev. = 29 per. of Mercury's. 

13 - of the Earth = 54 - of Mercury. 

33 - of the Earth =137 - of Mercury. 

Therefore transits of Mercury, at the same node, may h^pen 

at intervals of 7, 13, 33, &c. years. 

8 per. of the Earth's rev. = nearly 13 per. of the rev. of 
Venus. 

There are no intervening whole numbers till 

235 per. of the earth = nearly 382 per. of Vmus. 

Hence a transU of Venus, at the same node, may happen 
afler an interval of 8 years. If it does not happen after an in- 
terval of 8 years, it cannot happen till after 235 years. 

At present the ascending node of Venus, as seen from the 
sun, is in 2* 14°, and the descending node in 8' H". The 
earth, as seen from the sun, is in the former longitude in the be- 
ginning of December, and in the latter in the beginning of 
June. Hence the transits of Venus will happen for many ages 
to come in December and June. Those of Mercury will hap- 
pen in May and November. 

260. A tranut of Mercury happened at the descending node 
in May, 1832, and the next wUt take place at that node in 1845. 
One happened in 1815 at the ascending node, another in 1822> 
and a tranut will take place at that node in 1835. 

In the years 1761 and 1769 there were transits of Venus, 
Venus being in her descending node : the next transit at that 
node will happen in the year 2004. But a transit was observed 
atthe ascending node in the year 1639 by Horrox, who had pre- 
viously computed it, from having corrected the tables of Venus 
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by his own observations, all other astronomers having been ig- 
norant of its occurring. This transit will again happen at the 
end of 235 years from that time, or in the year 1 874. 

261. Horrox, who resided near Liverpool, when quite a 
youth, engaged in the study of astronomy with extraordinary 
enthusiam and success. His having improved the tables of the 
motion of Venus so as to predict and observe this curious phe- 
nomenon, is one of the least of his astronomical performances. 
He wrote an account of his observation in a dissertation, en- 
titled, " Venus in sole visa," which, many years after his death, 
was published by Hevelius at Dantzic. This roused the atten- 
tion of his coun^men to make inquiries respecting him, and 
to examine whether any of his manuscripts were remaining. A 
small part only of what were known to have existed, were found, , , 
and were published by Dr. Wallis aboutilJi years after his Z'^" 
death.' Thus had not his manuscript "Venus in sole visa" ac- 
cidentally fallen into the hands of Hevelius, there is reason to 
suppose, that in a few years, scarcely ^any trace of tiiis extraor- 
dinary young man would have remained. The apparent ne- 
glect of his countrymen must be attributed to the civil wars, 
which almost immediately followed his death. He had no as- 
sistance in his labours, except from a friend, of the name of 
Crabtree,who lived at the distance of 20 miles. He also culti- 
vated, witli much ardour and ability, this science. Their cor- 
respondence is extant Crabtree, informed by Horrox, ob- 



* The account Dr. Wallii hai given of the tbie of Honoi'i ni&nuscripU ia inter- 
esting. Some were brought to Ireland by hii brother, who died here ) these htfe 
never been found. Many were burned, during the eivll ii»r» of England, by lonie 
aoldiera, who, •earchiog tor plunder, found them where lliey had been tonceBled. 
Some were oKd in composing > set of astronomical Ublei, called the BHtM Tablet, 
published in IBiS. Theie were afterwards destroyed in the great lire at London, 
In laae. Thepart that Dr. Wallii has published, was found in the ruins of a houa* 
■I Manchester, in which his tnead Crabtree had resided many years before. 
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■erred the transit at bb own place of abode. Horrox died at 
the early age of 32, in the year I64I ; and from what we see of 
his works tbat remain, it appears highly probable that, bad 
his life been longer spared, his fame would bave surpassed tbat 
of all bis predecessors. His TTieory of the Moon has been be- 
fore mentioned (Art. 233.) He aeema to have been the first 
astronomer wbo reduced the sun's parallax to nearly what it has 
since been determined. All astronomers bef(»« Kepler liad 
made it more than two minutes : Kepler stated it at 59" : but 
Horrox, by a variety of Ingenious arguments, evincing his su- 
perior knowledge in tbe science, shewed it highly improbable 
that it was more than 14".' He also supposed that tbe disc of 
Venus, when seen on the sun, would not subtend a greater an- 
gle than 1' ; whereas, according to Kepler, it would be 7'. 
Horrox, soon after he bad entered on this science, wbs convinced 
by his own observations of the value of Kepler's discoveries. 

262. Tbe transits of the inferior planets afford the best ob- 
servations for obtaining accurately the places of their nodes, and 
also the best observations for determining their mean motions. 

The transits of Venus also afford us far the most accurate 
method of ascertaining tbe sun's distance from the earth, and 
therefore the magnitude of the whole system. 

Dr. Halley first proposed this method of finding the sun'a 
distance. He had observed, at tbe island of St. Helena, a tran- 
sit of Mercury over the sun's disc, and thence bad concluded 
that the total ingress and tbe beginning of the egress of Venus 
might be observed to 1' of time : from whmce, as be said, the 
sun's distance might be determined within jj^ of the whole 
distance. Experience afterward shewed, that tbe times of total 
ingress and the beginning of egress could not be observed witii 
certainty nearer than three or four seconds. 

* Dr. Ualley, ibttTc aiily ytut after, by irgumMiU, not lery diwimilu to tfaou 
ot Horroi, endeavoured to ihew (hie it wu not more than 1!}". 
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2G3. To explain from whence tlie accuracy of this method 
arises, let ns consider Ventis and the sun as moving in the eqna- 
- tor, and that observations of the total ingress are made at twa 
places in the terrestrial equator : let AB (Fig, 40) be the equa- 
tor, S and V discs of the sun and Venus, perpendicular to, and 
as seen from the equator. To a spectator at A the internal 
contact (»r the total ingress) commences, when to a spectator at 
B, (he edge of Vraius is distant from the sun by the angle VBS. 
The difference then between the times of tolal ingress, as seen 
from B and A, is the time of describing VBS by the approach 
of the sun and Venus to each other, Venus being retrograde and 
the sun direct. Hence from this difference of times, and the 
rate at which Venus and the sun approach each other, we find 
VBS. And the sine of VBS : sine of VSB : : Venus's distance 
from the sun : Venus's distance from tiie earth, llie relation 
of Venus and the earth's distance from the sun, as found by the 
method in art 97, may be used. Therefore the angle VSB,' 
the angle subtended by the two places A and B at the sun is 
known, and consequently the angle the semidiameter of the 
earth suhtends, will be found in a manner similar to that in the 
note of art. 58. 

264. This simplification of the problem may serve for an 
illustration, and to point oat its superior accuracy. But the ac- 
tual computation of (he problem is very complex, principally on 
account of the inclination of Venus's orbit to the ecliptic, and 
on account of the situations of the places of observation at a dis- 
tance from the equator. The accuracy of the method consists 
in this: that the times of internal contact can be observed mth 
great exactness, and thence the angle VBS computed, and 
therefore ASB. 



* Foi' extreme iccaraey tbe dlMince of the placet A and B Irlo be dim! 
by Ibe >rch of the eqiutor, deicribed io Ifae inleml of the ingrnae* ■ 
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At inferior conjunction, the sun end Venus approach each 
other at the rate of about 240" in an hour, or 4" in a minute. 
Hence if the time of contact he erroneous at each place 4' of 
Ir of a second, 

and therefore the limit of the error of ASB about y*j- of a se- 
cond.* 

265. This method then in fact comes to the same as to find 
the angle at the sun, subtended by two distant places on the 
earth's surface ; but this angle can he determined much more 
accnretely by the times of ingress, than by the micrometer. On 
account of the difference of the apparent magnitudes of Venus 
and Mercury, the internal contact of the former can be deter- 
mined much more accurately than of tiie latter. 

This method requires the difference of longitude of the 
places to be accurately known, in order to compare the actual 
times of contact. The longitude of the Cape of Good Hope 
being well ascertained, obserraljons of the transit of Venus in 
1761, made there, were compared with many made in Europe, 
and the mean result gave the parallax = 8,47 seconds. 

266, But it seemed more convenient not to depend on the 
knowledge of the difference of longitudes of two places. It ap- 
peared better to compare the differences of duration at two 
places, at one of which the duration was lengthened and at the 
other shortened. If we assume the parallax of the sun, which 
we know nearly, we can compute the difference of duration at 
any place from whet it would have been, had it been observed 



* ThiB cames lo Ibe same, aa being able io obBcrre a (bread of light (che intenal 
between tbe limbi af Venus andtbe son, nhen Ihe farmer hu justeentered upon 
Ihebodyoflhejun) ofonly ^of a lecend in breadlh. Thui by tbe transit of 
Venus we ™n probably ineaiure a smaller angle than by any other method. 
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at the earth's centre.' Hence we can compare the difference of 
duration at two places, at one of which the duration is shortened 
and at the other lengthened. Thus we shall have a double 
eflect of the parallax, and we can compare the computed result 
with the difference observed. From the error we can correct 
the horizontal parallax assumed. 

The tran^t of Venus in 1769 was observed at Wardhus in 
Lapland, and at the island of Otaheite in the South Sea. 

Assuming the sun's parallax 6,83 seconds. 
By computation the duration was 

lengthened at Wardhus • 11" IC'.Q 
Diminished at Otaheite - 12" Wfi 

Duration greater at Wardhus than ■ 

at Otaheite . - . 23° 26',9 

By observation - - - 23" ICjO 

This shews the parallax is less than the parallax assumed, 
and to make the observed and computed difference of durations 
agree, the parallax must be taken 8'',72. ThU last conclusion 
points out the accuracy of which the method is susceptible, 
difference of excess of duration of 17* makes only a difference 
of ^^ of a second in the parallax. 

267. The observations of the transit of 176! were not so 
well adapted for determining the sun's parallax as those of 1769. 
From the latter the parallax was ascertained with great exact- 
ness. The mean of tlic results seems to give 8" ,72 the sun's pa- 
rallax at the mean distance, which probably is within ^ of a 
second of the truth. The transit of 1 769 occurring in the mid- 
dle of summer, very many places of high northern latitude were 
well situate for observing it, but in all those the duration was 
affected in the same way. 

■ See D[. MaKkctyne'i) Method and Coiaputalioii, page 3SS at Piofessoi Vince'i 
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Tile duration is most lengthened when the commencement 
is near sunset, or when the sun is near the western horizon, and 
the end near aunriae or when the sun is near the eastern hori- 
zon. The duration of the transit in June, 1769, was about six 
houra. That the coramencement and end should take place 
under the circumstances above mentioned, it evidenriy required 
that the place of observation should have considerable north la- 
titude. Wardhus near the North Cape is in 70° 22' N. lat. 
The commencement was there at 9^ 34° in the evening, and end 
at 15" ST". 

The duration would be most shortened when the commence- 
ment was near sunrise, and end near sunset, and the duration 
being only about six hours, this required that the days should 
be shorter than the nights, and therefore the place must be on 
the south side of the equator, and such that the commencement 
must be after sunrise and end before sunset. Consequently the 
choice of situations was much circumscribed. 

Astronomers were therefore mnch at a loss for a proper 
place for observing this transit, when fortunately Otaheite was 
discovered. The ^tuation of this island vf&s as ftvounvble as 
could be desired, and the British government, induced by a me- 
monal from the Royal Society, ordered thither a SfiMfrith pro- 
per perstms to make the observatiwi. In consequence of which, 
the first of the celebrated voyages of Cook took place. The 
transit commenced at Otaheite about half past nine in the morn- 
ing, and ended about half past three in the afternoon, and Urns 
happened during the most favourable part of die day. 
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CHAPTER XV. 



THE VELOCITY OF LIOUT, AlfD ABERRATION OF THE FIXED STARS 
AND PLANETS — ^THS EQUATION OF TIME — DIALS. 

268. The velocity of light is the greatest velocity that has 
yet been ascertained. Astronomy furnishes two methods of 
measuring it. Without the discoveries in astronomy, the velo- 
city of light would have remained unknown. The eclipses oi 
Jupiter's satellites, and the aberration of the fixed stars, shew 
IIS that the velocity of the reflected li^t of the sun, and the ve- 
locity of the direct light of the fixed stars, are equal. 

269. The elder Cassini suspected from observations of the 
eclipses of Jupiter's 6rst satellite, that light was not instanta- 
neous, but progressive. Roemer first fully established tliis fact, 
by a great variety of observations of the eclipses of the satellites 
of Jupiter. 

Let the mean motion dT a satellite be computed from two 
eclipses separated by a long interval, Jupiter being at each at its 
mean distance from the earth. Then an eclipse, when Jupiter 
is approaching conjunction, and therefore farther from the earth, 
happens later than is computed by the mean motion so deter- 
mined. When Jupiter is in opposition, it happens sooner than 
according to the mean motion so determined. 

From a great variety of observations, it appears that the ve- 
locity of light is such, that, moving uniformly, it takes sixteen 
minutes to move over the diameter of the earth's orbit, or eight 
minutes in moving from the sun to us. This velocity is about 
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10,000 times greater than the velocity of the earth, which, as 
has been said, moves nineteen miles in a second. (Art 1 12.) 



ON THE ABERRATION OF THE FIXED STARS AND PLANETS. 

270. Another proof of the velociQ of light is derived from 
the aberration of the fixed stars. The fixed stars appear, by ob- 
servations made with accurate instrnmeots, to have a sniaU an- 
nual motion, returning at the end of a year precisely to the same 
place. A star near the pole of the ecliptic appears to describe 
about the pole a small circle parallel to the ecliptic ; the dia- 
meter of this circle is 40". Stars in tiie ecliptic appear to de- 
scribe small arcs of the ecliptic 40" in length. And all stars 
between the ecliptic and its poles appear annually to describe 
ellipses, the greater axes of which are parallel to the ecliptic, 
and equal to 40". The axis minor is found by diminisliing 40" 
in the proportion of the sine of the star's latitude to radius, 
''l These phenomena cannot take place from the parallax of the 
[1 annual orbit, because by it the latitude of a star would be great- 
1 1 est when in opposition to the sun, whereas then there is no aber- 
\ \ ration in latitude. 

271. Dr. Bradley, who first discovered this apparent annua) 
motion, when endeavouring to discover the parallax of y draco- 
nis, also first explained the cause of it. It arises irom the velo- 
city, of the earth in its orbit, combined with the velocity of 
light' 

272. The application of a few mathematical prindples ena- 



■ D[. Bradley's own acceual of thU phsnomenon U very intereatint;, and is 
found in (he Phil. Trua. vol. 35. Hii olnervalions wece made with a lenith sec- 
tor. In (lie present slate ofasttonanif , an instrument, ntiether a quadrant or tran- 
ail, that will not readily slieK the change) of the quantity of aberratioD, must he 
conudered as a very infetior inrttrumeal. 
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bles US to explain and compute, with the greatest exactness, the 
laws of this pheenomenon, which although not the most striking, 
is perhaps one of the most pleasing objects of astronomical con- 
templation. The apparent irregularities of the motions of the 
diflTerent stars, might, for a long time, have baffled the exertions 
of astronomers, had not the happy thought of applying the mo- 
tion of light occurred to Bradley himself. 

Let SA (Fig. 41) he the direction of light coming from a 
fixed star, and entering the telescope AD, carried in the direc- 
tion DEF, by the motion of the earth. If the direction of the 
tele^^pe be the same as the direction of the rays of light, it is 
clear that no ray can come to an eye at D, as from the motion 
of the telescope witli the spectator, liiey will be all lost against 
the interior of the tube. But if the tube be inclined in the po- 
sition DB, so that BE : DE : : vel. of light : vel. of the earth, 
then a ray SB parallel to SA entering the tube at B, will pass 
through the axis of the tube in motion, and be seen by the eye 
arrived with the telescope at E, while the light is passing from 
B to E. The ray of light will be always found in the axis of 
the telescope, carried by the motion of the earth, parallel to it- 
self. The telescope being in the position EC, the star Is judged 
to be in that direction, although it be actually in the direction 
EB. Hence BEC is the angle of aberration, and the aberra- 
tion is always toward that part of the heavens, to which the earth 
is moving. As BE is above 10,000 times 'greater than DE, it 
follows that the angle DBE must be very small, and therefore 
its equal BEC, the aberration must be very small. It is evi- 
dent that DBE, and therefore BEC, is a maximum when BDE 
is a right angle, because sin. DBE : sin. BDE : : DE : BE : 
vel. earth ; vel. light, a ^ven ratio. Therefore when sin. DBE 
is greatest, the sin. BDE is greatest, tliat is, when BDE is a 
right angle. Then vel. of light ; vel. of earth ; : sin. BDE (rad.) 



^ 
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: sin. of greatest aberr. and dierefore sin. of greatest aberr. 3 
rad. X vel of earth ^ ^;^^ ^ ^^^^j 

^arsf light ' 

273. It may illustrate this matter, to consider tlie earth at 
rest, and the particles of light from the star having motions in 
two directions, via. the actual velodty of light in the direction 
BE, and another in a direction parallel and opposite to the 
earth or motion DE ; by this compound motion, the particles 
of Ught would pass down the tuhe DB. 

To the naked eye the sensation must be the same, whether 
thelightstrikes theeye withsmotiimin the direction ED, or the 
eye strikes the light in the opposite direction ; and dierefore we 
may consider the light meeting the eye aa coming in a directi(Hi 
compounded of two motions, that of light, and thatof the earth> 
and therefore the same aberration takes place as in a telescope. 

274. The direction of the earth's motion is always toward 
the pcnnt of the ecliptic 90° behind the sun. Hence the stars 
all aberrate toward this point of the ecliptic, from which consi- 
deration the general phienomena of the aberration may be easily 
understood. . 

Also the phsenomena of the aberration may be thus shewn : 
Conceive a plane passing through the star, parallel to the 
plane of the earth's orbit, and a line in this plane, parallel to the 
direction of the earth's motion, the length of which is to the 
star's distance, as the velocity of the earth to the velocity of 
light, the extremity of this line will be the place in which the 
star appears. Now we may consider, without sensible error, the 
orbit of the earth as circular, and its velocity as uniform ; there- 
fore this imaginary line drawn from the star, parallel to the fan- 
gent to the earth's orbit, will be always of a constant length ; 
and as the tangent in the course of a year completes a revolu- 
tion, this imaginary line will also, in the course of a year, com- 
plete a revolution, and its extremity describe a circle about the 
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star. To a spectator on the earth, the star, in the course of a 
year, will appear to describe the circumference of this ima^- 
nary circle, the plane of which is parallel to the plane of the 
earth's orbit : and he will orthographically project this circle 
on the concave surface, by which it will appear an ellipse. To 
find the axis major of this ellipse, we are to consider that the 
diameter of the circle of aberration, perpendicular to a circle of 
longitude passing through the star, will be projected into the 
axis major of the ellipse. When the earth, seen from the sun, 
is in this circle of longitude, (lie line joining the star and earth 
will be at right angles to the direction of the earth's motion, 
and therefore the aberration will be then greatest, and equal to 
20" {Art. 272.) Hence the semiaxis major of the ellipse is 20". 
I'he star's longitude is most increased when the star's and siui's 
longitudes differ by 180°, and moat diminished when the longi- 
tude of the sun is the same as that of the star. When the ssan's 
longitude exceeds that of the star by 90°, the radius of the cir- 
cle of aberration is in the plane of the star's circle of longitude, 
and is diminished by projection on the concave surface, in pro- 
portion of the sine of the star's latitude to radius. Hie radius 
of the imaginary circle, thus diminished, becomes the semiaxis 
minor of the ellipse. The star's latitude is most diminished 
when the sun's Icmgitude exceeds that of the star, by 90°, and 
most increased when the sun's place is 90° behind the star. 

When the star is in the ecliptic, it is evident that the ima- 
ginary circle of aberration must be projected into a right line, 
or rather an arch of 40". A star in the pole of the ecliptic ap- 
pears to describe a circle 40" in diameter, because the imagi- ' 
nary circle is not changed by projection. In practice it is ne- 
cessary to compute the effects of aberration in right t 
and declination." 
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275. The aberration of a planet is somewhat different from 
that of a star j for if the planet's motion were equal and parallel 
to that of the earth, no aberration would take place. From the 
small velocity of the moon about the earth, compared with the 
velocity of light, no sensible aberration takes place with regard 
to its velocity about the e^h ; and the moon and earth being 
carried together round the sun with nearly the same velocities, 
no aberration from thence occurs in the place of the moon. 

The beat method of finding the aberration of a [^anet or 
comet, is by first considering the effect of the earth's motion on 
the apparent place : this is the same as for a fixed star ; and 
then the aberration arising from its own motion ; this is readily 
computed; for the planet, supposing the earth at rest, appears 
in the place it was in at the emission of the light which reaches 
the eye, and therefore it is only necessary to compute the place 
of the planet for a time, so much earlier by the space of time 
that the light is coming from the planet to the earth. 

276. The velocity of light determined by the eclipses of 
Jupiter's satellites has been considered as exactly die same as 
fliat determined by the abeiration of the fixed stars." 

As we are certain of the velocity of light by the eclipses of 
Jupiter's satellites, and also that the consequence of that velo- 
city, and of the velocity of the earth, must be an aberration in 



■The maximum of abeiration deduced from the Telodty of light, as determined 
by the eclipses of Jupiter's satellites, appears to be SO", 25. Bradley'a observationa 
appear to give the same quantity ; but Bradley himself, on a revision of his obseiva- 
tioru, fixed it at 20". But recent obiervations, made at the Observatory o[ Trinity 
College, Dublin, with the 8 feet circle, g^ve it so great as 20", 80. M. Bessel, from 
Dr. Bradley's Greenwich observations makes it 20", 7 1. Lindenau, from observa- 
lions ot the pole star in R. Ascension, makes it 20", 45. M. Strure, from obier- 
vations in Right Ascension, makes it 30", 60. It appears, therefore, highly proba- 
hie, that it exceeds 20", 2S. By continuing the observalions, it is hoped, greater 
Cert^nty will be obtained in this important clement. 
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the fixed stars ; we have, from the observation of the aberration, 
an independent proof of the motion of the earth. 

EQUATION OF TIME. 

277. The rotation of the earth on its axis is among the few 
perfectly equable motions known ; the period of which, or 24 
hours of sidereal IJme, might serve as a measure of duration ; 
but this is not convenient for the purposes of civil life. For 
these, the period of a solar day, or the interval elapsed between 
two successive passages ot the sun over the meridian, is a much 
more convenient measure of time. But ttiis interval is variable, 
for it is greater than the time of the earth's rotation by a varia- 
ble quantity. This variable quantity is the time the hour cir- 
cle passing through the sun takes to move over an arch equal to 
the increase of the sun's right ascension during a solar day. 
Now the daily increase of the sun's right ascension is variable 
from two causes, viz., the inchnation of the ecliptic to the equa- 
tor, and the unequal apparent motion of the sun in longitude. 
It is evident that the sun's increase of right ascension must be 
variable, on account of the obliquity of the ecliptic to the equa- 
tor ; because, when the sun is in Aries, its motion being oblique 
to the equator, the rate of increase of right ascension must then 
be less than the rate of increase of longitude ; when at the tro- 
pics, its motion is parallel to the equator, and being nearer the 
pole of the equator than the pole of the ecliptic, its motion in 
right ascension must be then greater than its motion in longi- 
tude." Hence it is evident that the length of a solar day must 



*It !■ not difficult to prom that thersteof increaae of the sun's tight uceiu 
ia, to the rale of increase of iU longitude, aa radiua multiplied b; the coaine of 
obliquity of the ecliptic, ia to the aquareof the cosine of the sun's declination. 1 
last term decreaaes front the equinox to the solstice, and tberefore the Srst m 
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be variable, and consequently that time, which is called appa- 
rent solar time, or apparent time measured by a solar day and 
parts of a solar day, must require a correction, which is called 
the Equation of Time. The perfection of the mechanism of a 
clock depends on tlte uniformity of its motion ; therefore a clock 
intended to shew solar time, must be regulated according to 
mean* solar time, and the equation of time must be allowed in 
deducing apparent time from the time shewn by a clock. Ap- 
parent time is better adapted for civil purposes, mean time is 
necessary in computing the circumstances of the various celes- 
tial phenomena. 

278. If the sun, instead of moving in the ecliptic, moved 
uniformly in the equator, the interval between two transits of the 
sun ever the meridian would then be always the same, and 
would be an exact measure of time. Let us suppose tlien an 
imaginary sun moving uniformly over the equator in the same 
time in which the sun appears to move over the ecliptic, and 
having its right ascension, or distance from the beginning of 
Aries, equal to the mean longitude of the sun. The time mea- 
sured by this imaginary sun so moving, is called mean sotar 
time or mean time. The hour circle passing through the ima- 
ginary sun describes 360 degrees in 24 hours mean time, and 
that through the real sun the same in 24 hours apparent time, 
therefore each describes 15 degrees in an hour.'' 

279, TTie dilFerence between mean and solar time, the 
equation of time, is evidently equal to the difference between 
the right ascension of the sun and the mean longitude of the 
sun, converted inio time at the rate of 360" for 24'', or 1.5° for 
] hour. 



• ArL 199. 

'' The greiuest diffbrence betneen 21 hours mesn time, snd 24 hours apparent 
imei. 30'. X^ 
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The aun's mean longitude is given by the solar tables, and \y^ 
thence the true longitude : by the latter, snd the obliquity of 
die ecliptic, the right ascension may be computed, and dien 
the difference' of mean longitude and right ascension, converted 
into time at the rate of 13° to an hour, is the equation. Hence 
the computations for finding the right ascension of the sun, will 
also serve for finding the equation of time. 

2S0. The changes of the quantity of the equation of time in 
different pwls of the year, may be readily understood, for let 
VMPQEAONR (Fig. 42) represent the celestial equator ex- 
tended into a right line, YJGQDLR the ecliptic, J the sun at 
the summer solstice, D at the winter solstice. Take VG = 3' 
9°J, and G is the place of the sun when the earth is in Aphe- 
lion, Take GQL = 180», and L is the place of the sun when 
the earth is in Perihelion. Let M, E, A, and N, be the places 
of the imaginary sun, when the sun is at G, Q, L, and R, or V, 
respectively. Then VM = VG, because at Aphelion the true ^'' 

and mean longitudes aie the same", (Art. 222), therefore by J) J^ 
spherical trigonometry M is between V and hour circle GP, 
that is, M is to the westward of the hour circle passing through 
the sun, and therefore mean time then jxeeedes apparent time : 
and because hetween G and L the true angular motion is less 
than the mean, (Art. 222), ME is greater than GQ = MQ, 
and therefore E is to the eastnard of Q, consequently mean 
time then follows apparent time. A is to the westward of the 



* Accurately the equation of time ia the difference between the aun's right aa~ 
ccn^on, and mean longitude leckanedon the equator (rom ihe true equinoi, becauie 
the right sscenuon ia computed fiom the true equinox. By the sun'e mean longi- 
tude, reckoned on the equator tram the true equinai, ia meant, (he aun'a mean lon- 
gitude (alnaya reckoned from the mean equinox) corrected for the equation of the 
equinoTea in right Mcensioo. 

^ Thia ia so, not taking into consideration the small effects of the lunar equation 
>r (he diaturbanceg of the planeti: 
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hour circle OL, because QA = QL = 3' 9"^, and therefore 
then mean time precedes apparent N is also to the westward 
of R, because from L to R the moti(»i in longitude is greater 
than the mean motion, and therefore AN is less than LR = 
AR, and therefore then mean time precedes apparent. And, 
considering these circumstances, it will appear that between G 
and Q the equation vanishes, and also between Q and L, but 
not between L and R, but between V and G it twice vanishes. 
Thus mean and apparent time coincide four times in a year : 
these times will be found to be about April 15, June \5, Aug. 
31, and December 24. The equation, it is easy to see, will be 
at its maximum, somewhere between Q and L ; because when 
the sun Is at Q, the mean sun will be behind it at E, and will 
become still more behind, because it moves faster in longitude 
than the true, and the efiect of the increase of lon^tude of the 
sun is diminished by the- obliquity of the ecliptic for some time 
after it has passed Q. The maximum is 16*" 16*, and happens 
about the second of November. 

A more particular consideration of the equation of time 
would be useless here. Indeed every thing of consequence may 
be considered as explained, when it is said to be equal to the 
difference, converted into time, between the sun's true right 
ascension and mean longitude, corrected for the equation of 
equinoxes in right ascension. 

281. It is to be observed, that the circumstances of tlie 
equation of time will change, with a change in the longitude of 
the earth's Aphelion, which moves forward from the equinox at 
the rate of 1' 2" in a year. The longitude at present, as seen 
from the sun, is 9' 9°i. About 4000 years b. c. (the supposed 
^me of the creation) it coincided with the place of the earth at 
the vernal equinox. 

The time shewn by a dial is apparent time, for it is the an- 
gle between the hour circle passing through the sun and the me- 
ridian, converted into time. 



b> Google 



UHAP. XV.] 



ON DULLINO. 



282. In a dial, the shadow of a straight line, by its inter- 
section with a given plane, points out the apparent hour. The 
line hy which the shadow is made, is called the style or gnomon. 
Let a meridian line be drawn on a horizontal plane, (art. 202, 
&c.) and on this plane a gnomon or stile fixed, making an angle 
with the meridian line equal to the latitude of the place, and 
being also in the plane of the meridian. This gnomon then will 
be in the direction of the celestial axis, (art. 39), the shadow 
therefore will always be in the plane of the hour circle in which 
the sun is, and because tlie sun is always in the same hour cir- 
cle at the same distance from noon, whatever be its declination, 
it follows that the intersection of the shadow and horizontal 
plane is always the same at a given hour. Therefore these in- 
tersections of the shadow being marked, will always serve for 
pointing out the hour from noon. These intersections are call- 
ed hour lines of the dial, and a dial thus constructed is called* 
an horizontal dial. The angles that these hour lines make with 
the meridian may be determined as follows : 

283. Let PO (Fig. 43) be the elevation of the pole, HP 
the hour circle 15" distant from the meridian, intersecting the 
horizon HO in H. Then HCO, C being the centre of the 
sphere, is equal to the angle betwe«i the hour line of one o'clock 
and the meridian on the dial : for CH is the horizontal inter- 
section of the shadow of the axis PC at one o'clock. 

By spherical trigonometry. 

Bad. : sin. PO (lat) : : tan. HPO (15") : tan. HO (HCO.) 

Thus the angle which any hour line makes with the meri- 
dian, may be found, and a horizontal dial constructed. 

If a vertical plane, facing tlie south, at right angles (o the 
meridian, be used, the intersections of tjie shadow and this 

-9 O ■ V J 
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plane, or the hour lines of the dial will be found, by computing 
the distances of the hour circles from the meridian on the {H-ime 
vertical. A dial so constructed is called a vertical dial. 

It is evident that the plane of the dial may make any given 
angle with the prime vertical, and the hour lines be readily 
computed by a spherical triangle. When the plane of the dial 
faces the east or west, the stile is placed at a distance fnun, and 
parallel to its plane, because the plane of the dial is itself in the 
plane of the meridian. 
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CHAPTER XVI. 

APPLICATION OF ASTRONOMY TO NAVIOATION — HADLCi'a SEXTANT 
— LATITUDE AT SEA — APPARENT TIME — VARIATION OF THE 
COMPASS — LONGITUDE AT SEA. 

284. T^E uses of astronomy in narigation are very great It 
enables &e seaman to determine by celestial observations his 
latitude and longitude, and thence discover his ^tuation wiH) 
an accuracy sufficient to direct him the course he ou^t to steer 
for his int^ded port, and to guard him against dangers from 
shoals and rocks. It also enables him to find the variation of 
his compass, end so affords him the me^s of sailing his proper 
course. 

Almost all the astronomical observations made at sea, con- 
sist in measuring angles, and die difficulty of taking an angle at 
sea, on account of the unsteady motion of the ship, is sufficiently 
obvious. In taking an altitude, the plumb-line and spirit-level 
are entirely useless. In observing the angular distance of two 
objects, (he unsteadiness of the ship makes it impossible to mea- 
sure it by two telescopes, or by »ne telescope suocessively ad- 
justed to each object. 

285. These difficulties were soon seen when nautical astro- 
nomy began to be improved. Many attempts were made to in- 
vent a proper instrument The ingenious Dr. Hooke proposed 
s^eral methods. Many years afterwards Mr. Hadley proposed 
the instrument called Hadley's quadrant, now however usually 
called Hadley's sextant, for a reason tfiat will be mentioned. 
A few years after Mr. Hadley's invention was communicated to 

o2 
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the world, a .paper of Sir Isaac Newton's was found, describing 
an instrument nearly of the same construction. ITie pnnciple 
of this invaluahle instrument is, that in taking the angular dis- 
tance of two objects, the image of one of them seen after two 
reflections, coincides with the other object seen directly ; and 
this coincidence is in no wise aSected by the unsteadiness of 
the ship. The operation by which the coincidence is made, 
measures the angular distance of the objects. 

286. Let A and B (Fig. 44) be two celestial or very distant 
objects ; HO, IN the sections of two plane mirrors, in the plane 
passing through the objects and eye. The mirrors are supposed 
to be perpendicular to this plane. Let a ray oflight, AC,from 
the object A, incident on the mirror IN, be reflected in the di- 
rection CR, and so be incident on the mirror HO, from whence 
it is again reflected in the direction BE, coinciding with the 
direction of a ray, BR, from the other object, B. Then an eye 
any where in the direction of the line RE, will see the object 
A, coincident with the object B, if a portion of the mirror, im- 
mediately above the section HO be transparent. Thus we may 
make two distant objects appear to coincide by a proper posi- 
tion of the mirrors, viz., by inclining the mirrors at an an^e 
«qual to half ^e angular distance of the objects. For produce 
tlie sections of the mirrors to meet in M, and produce AC to 
meet BRE in E. Then E = BRC-RCE = (by the princi- 
ples of reflection) 3 HRC-2 RCM= 2 M, or the angular dis- 
tance of the objects equals twice the inclination of the reflectors. 
Hence if we move the reflector IN, so that both objects may 
appear to coincide, and can then measure the mclinatitHi of the 
reflectors, we shall obtain the angular distance of the objects. 
This principle is used in Hadley's sextant as follows. 

287. ACB^Fig, 45) may represent the sextant The an- 
gle ACB is 60", but the arch AB extends a few degrees beyond 
each radius. A moveable radius, CV, called the index, re- 
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volves about the centre C, carrying a plane mirror, IN, perpen- 
dicular to the plane of the sextant, which fiiirror faces another 
mirror, H, also perpendicular to the plane of the aextant. ITiis 
latter mirror is fixed with its plane parallel to CA, the position 
of the mirror IN, when the radius CV passes through zero or 
(o) of the arch. The upper part of the mirror H is transpa- 
rent, through which, by help of a telescope fixed at T, parallel 
to the plane of tlie sextant, the object S may be seen directly, 
while the image of M, seen by reflection, appears to touch it 
The angular distance of the objects M and S, is then, as has 
been shewn, = twice the inclination of the mirrors H and IN ^ 
(because H is parallel to CA) 2 VGA. Hence the degrees, 
minutes and seconds in VA, shewn by a vernier, attached to the 
extremity of the index, would give half the angular distance of 
the objects ; but as the arch VA is only half the angular dis- 
tance of the objects, for convenience each degree, &c, is reckon- 
ed double ; thus if VA be actually 42°, it is marked 84°, &c. 

The mirror IC is called the index glass, and H the hori- 
zon glass, because in taking the altitude of the sun at sea, the 
horizon is seen, directly, through this glass. 

In most sextants there is a provision for adjusting the plane 
of the horizon glass, parallel to the radius passing through zero of 
die arch, or rather parallel to the plane of the index glass, when 
the index is at zero of the arch. This is done by making an 
image coindde with its object seen directly, when the index 
passes through zero. Or the quantity of the error may be de- 
termined by measuring a small angle, for instance, the sun's 
diameter, on each side of zero of the arch. Half the ditference 
is the error of the index, and it is most convenient to allow for 
this, as it cannot be corrected so exactly as its quantity can be 
ascertuned. 

For a more particular account of this instrument and its ad- 
justments, see Professor Vince's Practical Astronomy. 
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288. The best instruments, intended for taking the angular 
distance of tlie moon from the sun and stars, are made with 
great exactness. The r&dius of a sextant varies in length from 
five to fourteen inches. The usual length is about ten or twelve 
inches, and theseadmit of measuring an «igle to 10" or less, by 
help of the vernier. Ordinary instrummts are also made, 
merely for taking altitudes. Plain aghts et^ only used with 
these, and they are seldom adapted to take altitudes nearer than 
two or three minutes. 

As an altitude is never greater than QO*, it is evident, for an 
altitude, a gr&ater arch than 45' is not required. The instm- 
ments, therefore, made only for taking altitudes, should property 
be called octants, instead of quadrants, as they are sometimes 
named. The angular distance of the moon from a star is some- 
times measured when 120°, for such distances an arch of 60° is 
necessary, and therefore the instruments intended for the longi- 
tude at sea are called sextants. 

In the octants, particularly, there is often a provision for 
measuring angles greater than 90°, by measuring the supple- 
ment to 180°, by what is called the back observation ;' tins is 
not often used. 

289. The celebrated Mayer, whose lunar tables have been 
mentioned, recommended a complete circle for measuring the 
angular distance of the moon from the sun or stars by reflec- 
tion, as in Hadley's instrument. Some of the advantages pro- 
posed, were »milaF to those of the astronomical circle over 
the astronomical quadrant ; also by making the horizon glass 
moveable, the some angle could be repeated on different parts 
of the limb, and by repeating the angle many times, and taking 
a mean, the errors of division were almost entirely done away. 



'i Piactic^ AsUonomy- 
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Two causes may, perhaps, be assigned for this construction not 
having been at first adopted ; the weight of the instrument ren- 
dered it inconvenient, and the superior skill of the London art- 
ists so constructed and dinded sextants, that they seemed fully 
adequate to the purposes of the lunar method of finding the lon- 
gitude in its early state. In its present state every minute 
source of accuracy is sought after, and it is now likely that re- 
flecting circles will supersede sextants. Hie French use an im- 
provement of Mayer's circle by Borda. In some refiecting cir- 
cles made by Mr. Troughton of London, the advantage of the 
repeating principle is only in a small measure sought for. This 
is of less consequence, from the accuracy with which small cir- 
cles may be divided by the machine invented by Mr. Ramsden ; 
and otherwise Mr. Troughton's circles seem more convenient 
than repeating circles for nautical purposes. 

290. Let us proceed to the application of the sextant for 
finding the latitude, apparent time, variation of the compass, 
and longitude at sea. 

77ie latitude at sea is most readily and usually found by ob- 
serving the meridian altitude of the sun. At sea Hie horizon 
is generally well defined. The sextant being placed in a ver- 
tical position, the upper or lower limb of the sun, by moving 
the index, is brought down to the horizon seen directly. l\ie 
index shews the altitude ; but it must be noted, that as the eye 
of the spectator is elevated above the level of the sea, the appa- 
rent altitude is to be diminished by the depression of the hori- 
zon, called the dip. The sun is known to be on the meridian 
when it ceases to rise higher, or when the index angle ceases to 
increase. An error of one or two minutes is of little conse- 
quence in finding the latitude at sea, as it makes only an error 
of one or two miles in the place of the ship. Oftentimes the 
horizon is not sufficiently defined to attain to great accuracy. 
A slsr can seldom be used, cm account of the horizon not being 
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aufficiently viaible, but the moon oftentiniea msy. The correct 
meridian altitude and the declination being known, the latitude 
is easily found, being ^ways equal to the sum or difference of 
the zenith distance and declination. 

291. It oAeti happens that it is doudy at noon, and there- 
fore an obserrotion cannot be made : this sometimes is the case 
for several days together, when perhaps the sun is occasionally 
seen during that time. The latitude in snch circumstances 
may be obtained by observing two altitudes of the sun, and 
noting the interval of time between, by a good watch : trom 
these data and the dedtnation the latitude may be found. 

It may be mentioned, once for all, that it is here only in- 
tended to give a general account of the observations necessary 
for nautical purposes. The particulars of the methods of com- 
putation ore to be found in the different votks on nautical astro- 
nomy, more especially in the work published by Dr. Maskelyne, 
entiUed " Tables requisite to be used with the Nautical Alma- 
nac." 

292. 7^ apparent time may be found at sea, by observing 
the altitude of the sun. Then, knowing the latitude of the 
place and the sun's declination, we have tiie three sides of a 
spherical triangle, viz., the sun's zenith distance, the polar dis- 
tance, and the co-latitude of the place, to find the hour-angle, 
which therefore may be had from one proportion. The hour- 
angle converted into time at the rate of 15° for one hour g^ves 
the apparent time from noon at the place of observation. 

293. ITie latitude being known, the variation of the com- 
pass is eaaly found. 

Previously to the discovery of the polnrity of the magnetic 
needle, navigators had no means of ascertaining their course 
upon losing sight of land, but by the sun and stars, particularly 
the polar slar. They therefore seldom dared to venture far 
from lend, knowing tliat a short continuance of cloudy weather 



b> Google 



CHAP. XVI.] APPL. OP ASTRONOMY TO NAVIOATION. 201 

migbt occasion their destruction. On the diacovery of the^wni- 
pas8, an end was put to this difficulty. It must have been known 
at first that the needle did not point exactly north, but the de- 
viation or variation was supposed every where the same. So 
slow was the progress of navigation, that nearly two centuries 
elapsed from the time that the polarity of the magnet vras well 
known in Europe, before it was discovered that in difierent 
{daces the variation was different Columbus, in his first voy- 
age, seems to have been the first who observed it. About a 
century later, the variation of the variation was discovered, that 
is, that the deviation from the north at a given place is variable. 
The variation at London, two centuries ago, was 11° 15' east, 
and is now 35° west. 

294. On these accounts it is obvious, that the seaman must 
first ascertain the variation of the compass in the place in which 
he is, previously to his making use of it for his course : this he 
practises by a very simple astronomical observation : he notes, 
by the compass, the direction, called the bearing, of the sun 
when it rises or sets. If the bearing is measured from the east 
or west, it is called the amplitude. From the latitude of the 
place and the sun's declination, the azimutji at sun-rise or sun- 
set may be computed by the solution of a right angled spherical 
triangle. For in the right angled triangle formed by the sun's 
polar distance, elevation of the pole and azimuth, cos. lat. : ra- 
dius : : sin. dec. : cosin. azimuth. The difference of the ampli- 
tude observed and computed gives the variation. 

Sometimes the sun's azimuth and altitude are observed : 
from the altitude, latitude, and declinaticHi, the azimuth may be 
computed, and thence the variation found : or knowing the la- 
titude, sun's declination and lime of day, the azimuth may be 
computed, and then compared with the azimuth observed. 

295. Places not far dbtant have nearly the same variation^ 
except near the poles. 
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It has been supposed that the variation of the needle, and 
latitude, would ascertain the portion of a place, aa well aa its 
latitude, and longitude ; and therefore that the vainfition of the 
needle would serve for finding the longitude. But the variation 
cannot be obtained with suEBcient accuracy to apply it to this 
purpose. It seldom can be detenuined at sea, nearer than a 
degree. 

296. The next subject to be explained, is the method of 
^finding the longitude at sea. 

The difference of the apparent times at two places, found by 
the difieraice of the sun's angular distances from the meridian, 
at any instant, at each place, is the difference of longitude, the . 
whole equator being considered as divided into twenty-four 
hours. 

397. If then we have the time of day at any place, the situ- 
ation of whi(^ is known, and compare it widi the time at the 
place in which we are, we obtain the difference of longitude. 
It is easy to find the time at the place we are in, (art 293,) and 
therefore the finding its longitude is reduced to find the time of 
day at some ^ven place, as at Grreenwich, from whence we, in 
these islands, reckon our longitude. 

Iliere are two methods of doing this : by time-keepers, or 
chronometers, as watches for this purpose are now usually called, 
and by making the motions of the celestial bodies serve instead 
of time-keepers. 

298. It is evident, that did a watch or clock move continu- 
ally at a uniform rate, it would afford us a ready means of find- 
ing the longitude : for if the chronometer, going mean time, 
were set to the time at Greenwich, it would continually point 
out the time at Greenwich, and therefore by comparing that 
time with the mean time at the ship, we should at once have the 
difference of longitude betwe^i Greenwich and &e ship. The 
apparent time at the ship can be found with all the accuracy 
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necessary, (art. 392,) and then apjiying the equation of time, 
the mean time will be obtuned. 

299. It became therefore an object of great importance to 
Gonotnict a machine, the uniform motion of wbtch might be de- 
pended on for a length of time. 

About the middle of the seventeenth century, Huygene and 
Hook made their celebrated improvements toward obtaining a 
regular movement in clocks and watches, the former by apply- 
ing the pendulum to clocks, and the latter by applying a spiral 
spring to the balance of watches. 

Huygens himself proposed the pendultuii clock, for find- 
ing the longitude at sea, and quotes trials actually made ; but it 
)s obvious, on a variety of accounts, that a pendulum clock must 
be very unfit for a long voyage. Watches also when made wifli 
the utmost care were found to be by much too irregular in their 
rates of going, to be depended on for a length of time. 

Under these circumstances an act was passed in the reign of 
Queen Anne, in consequence of a petition from the merchants, 
for encouraging the discovery of a method of finding the longi- 
tude at aea within certain limits, for appointing a board <^ lon- 
gitude, and for appropriating certain sums for encoiua^ng at- 
tempts. It was underwood that the most desirable method, on 
account of its easy practice, would be by time-keepers. Mr. 
John Harrison eariy applied himself to the improvement of 
time-keepers, and during a long life was continually intent on 
that object. After many attempts which did his inventive ge- 
nius the highest credit, and for which he received encourage- 
ment from the board of longitude, be at last comjJeted a watch, 
which he considered -perfect enough to entitle him to £20,000, 
the highest reward offered. Accordingly in the year 1761, a 
trial was made by sending tlie watch to the West Indies, and he 
was considered as entitled to £10,000, and the remainder was 
to be granted to him upon strictly complying with tiie terms of 
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the act. In the end, the whole, in consideration of his l(»]g 
and meritorious exertions, was granted to him. 

The act of Queen Anne only specified that to obtain the re- 
ward of £20,000, the error of longitude, in « voyage to the West 
Indies, should not exceed thirty miles, lliis, in time, is about 
an error of two minutes. Harrison's watch went within this 
limit : but it was soon found that the object of finding the lon- 
gitude at sea, by time-keepers, was far from being attained. 
The construction of Harrison's watch was extremely difficult. 
It seems that not more than one or two have ever been mode on 
his principles. He may be considered as having led the way, 
and as having the credit of attempting the two principles of 
perfection, which have for many years past been introduced 
in the construction of chronometera. 

300. The two circumstances, by which chronometers differ 
from common watches, are, I. The short time in which the main 
spring acts upon the balance. This is accomplished by an 
escapement, called the detached escapement. The action of the 
main spring is suspended during the greater part of the vibra- 
tion of the balance, and therefore the isocbronism of the balance 
spring is only slightly affected by the external impression of the 
main spring, through the intervention of the wheel work. 2dly. 
The contrivance for preventing the time of the vibration of the ba- 
lance from being affected by heat or cold. The balance, instead 
of being an entire circle, as in common watches, is composed of 
two arches (sometimes, but rarely, of three) to Hxe «id of each 
of which a small mass is attached : the exteniol part of the arch 
is brass, and the internal pert steel : these are soldered together, 
and from the diflerent expansive powers of the two metals, by 
cold the arch becomes less curved, and by heat the contrary 
takes place. Thus the distance of the attached masses from 
tiie centre is always such as to preserve the isocbronism. Chro- 
nometws well executed may be depended on to 1' in a day. 
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These improvements in the construction of watches have been 
claimed by several artists, principally by the late Mr. Arnold 
and Mr. Eamahaw." This is not the place to disciissj in any 
manner, their respective claims, or to enter into a comparison 
of the merits of the watches of different artists. More has al- 
ready been said than may be thought to belong to our subject ; 
but the utility of chronometers, in their present state of perfec- 
tion, is such as to have, in a manner, identified them with nau- 
tical astronomy. They are become extremely common, being 
furnished by several artists, at comparatively small prices, and 
are of most essential value on distant voyages. By them the 
longitude can often be found with great exactness, and by car- 
rying on the reckoning, when astronomical observations neces- 
sary for finding the longitude canuot be made, they will serve 
to point out the longitude in the interim. 

It is evident, that in long voyages, chronometers ought not 
to be trusted to, unless means of verifying them frequently offer; 
they are also subject to a variety of accidents that cannot be re- 
medied at sea. Hence the lunar method now to be described 
must be considered as much more valuable. 

301. Of all the celestial bodies, the moon is to us far the 
most convenient for the purpose of determining the longitude : 
its motion, as seen from the earth, being much quicker than that 
of the sun or any of the planets. 

By the theory of the moon's motion, its place on llie concave 
surface is known at any time ; that is, knowing the time of the 
day at Greenwich, the place of the moon is known, and vice 
versa knowing the place of the moon, the time at Greenwich is 
known ; so that if the lunar tables shew that the moon, seen 
from the centre of the earth, will be 10° from a certain fixed 



* The meriu of both Lheu srltati have been scknowledgsd by consUerablc gnuiU 
n Ihe Bowd of Lou^lude. 
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atar, at aJx o'clock in the evening, at Greenwich, and we make 
an obBervation at any distant place, and find that the moon's dis- 
tance from the star, reduced by computation to what it would 
be^ seen from the centre of the earth, is 10°, we immediately 
conclude that it is 6 o'clock at Greeawich. 

Hus the moon, with the brighter fixed stars near its path, 
may be considered as a chronometer, not mad« indeed by human 
hands, but ^M-fect in its construction. It cannot, however, be . 
easily used by us. The difficulty principally arises from', the 
^tmess of the apparent motiim of the moon on the concave tur- 
face, and therefore great nicety is required in measuring the 
angular distance of the moon from the fixed star. The intri> 
cacty of the lunar motions is also another source of difficulty. 

But these inconvwiiences have now in a great measure been 
overcome by the improvements in instruments, and in the lunar 
theory ; and navigators now use with mudi success this method. 

302. It is briefly as follows : 

Hie observer measures the moon'o distance from the sun or 
a bright star in the zodiac by means of an Hadley's sextant or 
a reflecting circle. This distance must be corrected tor refrac* 
tion, and reduced to the distance that would be observed from 
the centre of the earth, that is, corrected for parallax. The lu- 
nar tables ere formed to give flie place of the moon, as would 
be seen from the centre of the earth. For more readily com- 
puting the elfects of parallax and refraction, another observer 
should, at the time of observing the distance, observe the 
heights of the moon and star. These altitudes need not to be 
observed with great accuracy. 

It being found by a reference to the tables at irfiat time the 
moon was at this observed distance so corrected, ttie time at 
Greenwich is known. 

To find the corrected distance, or to clear, as it is termed, 
the observed distance from the eflfects of parallax and refrac- 
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tioD, let Z (Fig. 46) be the zenith. The ster is elevated in a 
v^tical circle by refraction, and the moon is depressed by pa- 
rallax and elevated by refraction also in 8 vertical circle. Let 
RPbedie apparent diatonce, R being the star and P the moon. 
In the vertical SZ take SR = the rfefraction of the star, and PM 
the difference between the moon's parallax and refraction, then 
SM vFill be the troe distance. 3 

■g^o-o-Let H = the app. altitude of the sun or star, "^ -' 
N i\il' = the app. altitude of the moon. -^ «2t: 
^0 =h = the true altitude of the sun or star. 

pl*sh'=: the true altitude of the moon. i>-^ , 

A = the diff. of apparent altitudes. .[ 

a = the diff. of true altitudes. ,■ i » 

Then 1^ spherical trigonometry, 

COS. A— cos. RP COS. a— cos, SM, .. ^v *■*■ u ■ i 

y=, = __ — both these quantities beine 

cos. H' cos, H. cos. h cos. if 

equal to the versed sine of the angle Z- Hence cos. SM =: cos. I 

cos. V COS. h , • T>TT\ I 

B — _ (cos. A -^ COS. RF). I 

COS. H' COS. H ( 

Di^rent methods of shortening the computation of this for- 
mula, for the correct distance, are giv^i in the works which ex- 
pressly treat on the subject. There are other methods by 
whi(^ the correction of the observed distance is obt^ned.* 

303. The inconveniences of the lunar method of finding the 
longitude are, 

Ist The great exactness requisite in observing the distance 
of the moon from the star or sun, as a nnall error in the distance 
makes a considerable error in the longitude. The moon moves 
at the rate of about a degree in two hours, or one minute ctf 



■Vid. "Tables nquiiite lo be used wilh the Nautical AlmanBc" 
Hendoia't TreaUse on Nautical Aitronom]', Hackay on the Longilnd*, 
TraosicdoTu Royal Iiiah Academy, Vol. il. 
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Space in two minutes of time. Therefore, if we make an error 
of one minute in observing the diatance, we make an error of 
two minutes in time, or 30 tnites in longitude at the equator. 
A single observation with the best sextants may be liable to an 
error of more than half a minute : but the accuracy of the result 
may be much increased by a mean of several observations, taken 
to the east and west of the moon. 

If the moon had moved round the earth in about three days, 
the lon^tude would have been as easily found as the latitude. 
The first satellite of Jupiter enables the inhabitants of that pla- 
net to find their longitudes with as great accuracy as can be de- 
sired. 

2dly. Hie imperfection of the lunar tables lias also long been 
considered as on obstacle in this method. The improved tables 
of Mason were frequently erroneous by nearly one minute, 
which occasioned an error of thirty miles. But there is reason 
to suppose that the error of the new taUes of Burg and Burck- 
hordt will rarely exceed 15", which are only equivalent to seven 
miles and a half 

3dly. Another source of inconvenience is the length of the 
computation necessary in this method. Every thing possible 
was done by the late Dr. Maskelyne for obviating this difficulty. 
He recommended the publication of the Nautical Almanac, 
which is now annually continued. In it the moon's distances 
from the sun and several zodiacal stars of the first and second 
magnitude, ore given for every three hours. Such plain rules 
also, for reducing the observed distance to the true, have beeo 
laid down, more particularly in publications directed by him, 
ttiat the computation is very short, and merely mechanical, so 
that it cannot be mistaken by a person tolerably versed in arith- 
metic. 

304. The method above described is now universally prac- 
tised in the seivice of the East India Company, and begins to 
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be held in much estimation in the navy. The East India Com- 
pany makes the knowledge of the practice of this method a ne- 
cessary requisite In its officers. 

fiy it the longitude will be generally known to less than 
twenty miles, very often much nearer. This, although less ac- 
curate than the latitude, is an invaluable acquisition to the sea- 
man : it gives him eufBcient notice of his approach towards dan- 
gerous situations, or enables him to make for his port without 
sailing into the parallel of latitude, and then, in the seaman's 
phrase, running down the port on the parallel, as was done be- 
fore thb method was practised. Fifty years ago navigators 
did not attempt to find their longitude at sea, unless by their 
reckoning, which was hardly ever to be depended on. The 
difficulties they experienced are easily conceived. 

305, The present age must consider itself as principally in- 
debted to the late Dr. Maskelyne, the Astronomer Royal, for the 
advantages which we derive from the lunar method of finding the 
longitude, and doubtless to him also posterity will acknowledge 
their great obligations. He, by his own experience, on his voy- 
age to St. Helena in 1761, first satisfactorily shewed the practi- 
cability of this method. He strenuously recommended,' and 
then superintended ^e publication of the Nautical Almanac 
and of those tables, without the assistance of which, this me- 
thod would have been of little value to the seaman. To his 
observations is owing the present perfection of the lunar tables; 
and he unremittingly assisted and encouraged every attempt to 
forward the discovery of the longitude at sea, whether by fliis 
method or by time-keepers." 



>Vid. Dr. Hukelyne'a memorial, presenled to the Commisiloneca ofihe Lon- 
gitude, Feb. a, 1785, printed in Uie Appendii to Mayer's Tablei. 

^ The Theory of the lunar method is »ery old ; Indeed it is »o obvioui, tbat it 
could icaicely haie been orerioaiced ia Uie inrancy of utronomy : but the practice 
of it long seemed subject to insutmounuble difficulties. 
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306. It has been supposed that the eclipses of Jupiter's sa- 
tellites might be of great use in finding the longitude at sea. 
Experience, however, has shewn the contrary ; it has been 
found impossible to manage a telescope on shipboard so as 
to observe the eclipses. All attempts to remedy this difficulty 
have hitherto failed. 
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CHAPTER XVII. 

APPLICATION OF ASTRONOMY TO GEOGRAPHY — MKASUREMENTS OF 
DEGHEES OF LATITUDE, 

307. Astronomy furnishes several methods of finding lati- 
tudes and longitudes at land. But the latter are found with 
much greater trouble, and less accuracy than the former. The 
methods of finding the'latitude of a place by observations made 
by the larger instruments, have been before mentioned, and it 
will here be only necessary to take notice of the use of Hadley's 
sextant for this purpose. By means of this portable instrument, 
the latitude may be found from observations of the sun's meri- 
dian altitude, with a degree of accuracy sufficient for many pur- 
poses of geography. 

308. At sea, the horizon is generally sufGciently defined to 
serve for measuring the sun's altitude, by Hadley's sextant ; but 
at land, an artificial horizon is necessary, that is, we must make 
use of an horizontal reflecting surface, by which an image of the 
Bun may be formed by reflection. We measure, by the sextant, 
the angular distance between the upper or lower limb of the sun 
and its reflected image, which distance is twice the altitude of 
the limb, because the rays of light are so reflected that the an- 
gles of incidence and reflection are equal. 

There are various methods of forming this artificial horizon. 
Mercury and water aflbrd the most convenient horizontal sur- 
faces, when sheltered from the agitation of the air. For general 
use, perhaps, water ought to have the preference. 

309. With respect to the longitudes of places at land, our 

f3 
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meDns of obtaining accuracy are much greater than at sea. We 
can repeat our obsermtions at our leisure, and use such obser- 
vations only aa admit of the greatest precision. From the pre- 
sent state of Cieography, as to the more known parts of the 
world, it cannot be much advanced by the lunar method of ob- 
taining the longitude. 

An occultation of a fixed star by the dark edge of the moon, 
observed at two places, the longitude of one of which is known, 
aifords the greatest precision ; because this phenomenon is in- 
stantaneous. 

Eclipses of the sun rank next, but are not quite so accurate, 
because the beginning and end of an eclipse of the sun cannot 
be observed so exactly as the occultation of a star by Ae dark 
edge of the moon. The transits of the inferior planets also 
aflbrd much accuracy. 

The observations, however, which occur most frequentiy are 
the eclipses of the satellites of Jupiter. The first satellite 
passing more quickly into the shadow of Jupiter than the others, 
is best adapted for this purpose. By taking a mean of the re- 
sults of the observations made on Hxe first satellite, both in its 
immersions and emersions, great accuracy can be obtained. 

310. By the assistance of a transit instrument, the lon^tude 
of a place can be had from observation of the difference of the 
times of the passages of the moon and a fixed star, compared 
with the difference observed at Greenwich or in some place of 
known lon^tude. 

For the difference of the differences arises from the increase 
of the moon's right ascension in the interval of its passages over 
the respective meridians. From the rote of increase of the 
moon's right ascension is known the time corresponding to any 
gjven increase, hence tiie interval of time elapsed between the 
passages of the moon over the two meridians, and then the in- 
terval of sidereal time elapsed between the passages of the fixed 
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star over the two merldfansj which is the diftretice of longi- 
tude. 

311. For particulars of the practice and computation of all 
the above methods, reference must be had to the larger astrono- 
mical works. 

The computations for occultations, for transits of the inferior 
planets, and for eclipses of the sun, are long and complex. This 
arises Irom the effects of parallax, the phenomena not being ob- 
served at the stone instant by each observer. 

The only difficulty, whether at sea or land, for finding the 
longitude, is to ascertain the time at a place where the longi- 
tude is knovm. This may be ascertained for near places as well 
by terrestrial signals, as by celestial observations. An eclipse 
of a satellite of Jupiter may be compared to a signal. An ex- 
plosion or an instantaneous exhibition or extinguifiiment of a 
light being observed at two places, and the time noted exactly 
at each when it took place, the difference of longitudes will be 
had by simply taking the differenceof the times. Tn this man- 
ner considerable assistance has been afforded to Geography. 

312. But the mere knowledge of the latitudes and longi- 
tudes of places is not sufficient for the Geographer. The exact 
figure and exact magnitude of the earth are also necessary in 
order to ascertain the exact distances of places, to describe and 
to plan the several coimtries. 

On the hypothesis of the earth being a sphere, nothing more 
is necessary toward ascertaining its dimensions than to measure 
the length of a degree oflatitude: that is, to determine the 
length of an arch of a terrestrial meridian, the latitudes of the 
extremities of which differ by one degree. The mode of ascer- 
taining this is easily understood. 

The dif^rence of latitude of two places in nearly the same 
meridian is to he ascertained by celestial observations. The 
distance, on the meridian, between these two places, is to be ob- 
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tfuned by lei'restrial measurement. A horizontal base Hne of a 
few miles in length, is to be measured in a convenient situation, 
and this base is then to be connected with the two places by 
forming a series of triangles, the angles of which are to be mea- 
sured by a proper instrument, and then the distance of the two 
places computed by trigonometry. 

313. Let Q and T (Fig, 47) represent two places nearly in 
the same meridian QM : the tine AC the base, the length of 
which is ascertained by actual measurement. Tlie angles of the 
triangles ACH, APH, NPH, PNQ, also of CHK and CTK 
are to be ascertained by an instrument adapted for taking angu- 
lar distances. Two angles of each triangle would be sufficient, 
as from thence the third angle is known : but to verify the ob- 
Kirations it is usual to observe all the angles of each triuigle. 

^e base AC and the angles of Ihe triangle ACH being 
known, tlie other sides AH and HC are had by computation, 
and thence tlie sides ofthe triangles APH, PHN,PNQ, CHK, 
and CTK. 

From T draw TMG perpendicular to the meridian QM, 
also let DQ, PE, and CF be perpendicular to QM, and PD, 
AE, AF, and CG parallel to the same. 

Now QM = DP + AE + AF + CG. The sides PQ, 
PA, &c. being known, PD, AE, &c. will be had by the solution 
of right angled triangles, provided the angles DQP, EPA, &c. 
are known. These angles will be known if the angle PQM, or 
the angle that the direction of one of the stations P seen from 
Q makes with the meridian, be known. This angle may be 
obtained by different methods. 

The sun being observed in the same vertical circle as the 
object P, the azimuth of the sun may be computed from the la- 
titude of the place, the declination and distance in time of the 
sun from the meridian : thus the asimutli of P or the imgle 
PQM will be had. 
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The pole star, when near its greatest elongation from the 
meridian changes its azimuth [very slowly, and therefore is 
very convenient for ascertaining the direction of the object in 
respect to the meridian. The differences between the azimuth 
of the pole star, when at its greateat elongations east luid west, 
and the azimutli of the object being obtained, half the sum or 
diflerence of these will be the azimuth of the object 

It is evident that when the inclination of PQ to the meridian 
is known, the inclinations of PA, AC, &c to the meridian and 
its parallels will also be known, because the inclinations of tliese 
lines to each other are known. . 

The observations being made for ascertaining the length of 
QM, the difference of latitudes of the stations Q and P is to be 
observed with the utmost accuracy, by means of a zenith sector 
or other instrument affording sufEclent exactness. 

For this purpose the zenith distance of a star near the ze- 
nith is to be observed at each place, and the sum or difference, 
according as the star is on a different, or on the Eame side of the 
zenith at each place, will give the difference of latitude. The 
changes in the apparent place of the star between the observa- 
tions, arising from aberration, &c., must be taken into the ac- 
count. 

The length of the arc of the meridian, corresponding to a 
known difference of latitude, being thus found, the length oFone 
degree will be had by a simple proportion. 

314. He minute particulars that must be attended to, in 
order to obtain the greatest accuracy, cannot be enumerated 
here. They are to be met with in tiie several accounts of the 
modem measurements. 

If tile instrument, used in measuring the angles, give the 
angular distance and not the horizontal angular distance be- 
tween the objects, the elevations or depressions must be also 
observed, that tlie horizontal angles may be computed. 
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The triangles formed are not plane triangles, but spherical 
triangles not difiering much from plane. The sum of the three 
angles of each, is therefore somewhat more tlian 180°; butdiis 
excess is easily computed, and therefore the sum of the three 
angles may be still used for verification. 

The computations of spherical triangles being more difficult 
than of plane triangles, mathematicians have devised ingenious 
methods to reduce the computation of these spherical to plane 
triangles, being assisted by the small difference between them 
and plane triangles. 

315. The results of different measurements have shewn that 
the degrees towards the poles are longer than those nearer the 
equator ; and therefore that the earth is not exactly a sphere. 
This will be better understood by a short account of the prin- 
cipal steps by which we have arrived at our present knowledge 
of the form and dimensions of the earth. 

316. The first modem measurement distinguished hy a to- 
lerable degree of accuracy is that of Norwood in 1635, He 
asceitained tlie difference of the latitudes of London and York, 
and then measured tlielr distance, allowing for the turnings of 
the roads and for the ascents and descents. From which he de- 
duced the length of a degrees 122,399 Enghsh yards. Ac- 
cxirding to the latest determinations it should have been = 
121,660 yards. 

At this time no circumstances were known, which could tend 
to a knowledge of the exact figure of the earth. 

In the yeor 1671 it was discovered, by a comparison of the 
times of vibrations of the pendulums at Cayenne and Paris, 
that the weights of bodies were less near the equator than at 
Paris. From whence Huygens considered it probable that the 
form of the earth was not spherical, but that it was a figure 
formed by the revolution of an ellipse about the lesser axis. 
Sir Isoac Newton, arguing from juster principles than those of 
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Huygens, was also led to the same conclusion, and actually com- 
puted the ratio of the equatoreal and polar diametersj on the hy- 
pothesis of the earth having been at first an homogeneous fluid, 
revolving on its axis. The ratio of the equatoreal to the polar 
diameter he found to be 230 : 229. At this time, 1686, no 
evidence from actual measurement existed, but Newton lived till 
it was ascertained by observation, that the ratio of the polar and 
equatoreal diameters of Jupiter was nearly such as his theory 
gave on the Hypothesis of an uniform density. He also lived 
till the results of actual measurements made in France appeared 
entirely inconsistent with the form which he had assigned. 
■ Subsequent measurements, made soon after Newton's death, 
fully eatablished that the equatoreal exceeded the polar dia- 
meter.' 

317. Picard in 1670 measured an arc of the meridian, com- 
mencing near Paris and extending northward, and found, in lati- 
tude 49§'', a degree = 121,627 yards, diflertng only by about 
35 yards, from what is now considered as the moat exact length. 
This accuracy seems to have been accidental, and obtained by 
a compensation of errors. 

A few years afterward, by order of the French King, Cas- 
sini, assisted by several other astronomers, undertook the mea- 
sure of the whole arc of the meridian extending through France 
from Dunkirk to CoUIoure. lliis work was finished in 1718. 
Among the results obtained, it was found, tliat in latitude 46° 
a degree of the meridian = 121,708 yards, and in latitude 
50" = 121,413. 

Ilius the degrees appeared to diminish as the latitude in- 
creased, instead of the contrary. For it is evident that if the 
curvature of the earth diminish as we recede from the equator 
toward the poles, the degrees of latitude ought to increase, be- 
cause the less the curvature, the greater space must be gone over 
to change the elevation of the pole by one degree. This result 
therefore appeared to contradict Newton's conclusion, that the 
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cartli was nearly an oblate spheroid, that is a solid, formed by 
the revolution of an ellipse about its lesser axis. To support 
Newton's conclusion, it was objected that these degrees were so 
near each other, that the errors of observation and measurement 
might greatly exceed the di^rence of degrees that would come 
out from computation by Newton's figure. But this mode of 
getting over the diSScnlty was not satisfactory. It was still con- 
tended by some of the French Academicians that the polar dia- 
meter of the earth was greater than the equatoreal. 

To r^nove all doubt, it was proposed that two degrees 
should be measured, one, as near to the equator, and the other 
as far northward, as conveniently could be done. 

Accordingly in 1736, a company of French and Spanish 
astronomers went to Peru, to measure an arc near the equator, 
and a company of French and Swedish astronomers undertook to 
go to Lapland and measure an arc near the Arctic circle. 

The interesting particulars of their labours and difficulties 
have been minutely described by themselves, and their exertions 
for attaining the utmost accivacy cannot be sufficiently admired. 

From a comparison of the measurements in Peru and in 
France, the equatoreal diameter' appeared to exceed the polar 
by about 3^ part of the whole. 

From a comparison of the measurements in Lapland and in 
France, the excess appeared to be ^-^j^. 

Thus the principal point was settled, tJiat the earth vras 



• Iflhe density orihe earth were uniform, and if the earlh bad been oripnady 
In B fluid Mate, its form would be accurately that of a spbemid, generated by the 
revolallDn of an ellipse about itanunor mis. The proportion of iU diameters would 
then be readily Inveatigated from a comparison uf the lengths of two degrees of lati- 
tude. (Vince's Astrononiy, Vol. ii. p. 98.). A>, however, the exact form of the 
earth is not known, the inveetigalion of the proportion of the diameters from (he 
comparison of two degrees of latitude is only lo be conndered as a near appros:!- 
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flatter towards the poles ; but the quantity of that flatness seem- 
ed by no means ascertained. The measures in Lapland and in 
Peru seemed quite discordant. But from several circumstances, 
greater confidence was placed in the measure in Peru than in 
Lapland ; although the latter seemed eltecuted with all due 
care. 

318. Arcs of the meridian have since been measured in se- 
veral countries : but till very lately, no satisfactory concludon 
was drawn respecting the degree of ellipticity in the earth, and 
even now greater exactness is desired. 

In the year 1787, it was determined to connect the observa- 
tories of Greenwich and Paris by a senes of triangles; and to 
compare the differences of longitudes and latitudes, ascertained 
by astronomical observations, with those ascertained by actual 
measurement. The late Major General Roy conducted the 
British measurement. The British .Triangles were connected 
with those of the French, by observations made across the straits 
of Dover. In this manner assuming the latitudes of the respec- 
tive observatories, as had been previously ascertained, it was 
found that in latitude 50° W a degree of the meridian was 
121,686 yards. 

The measurement in England, which was begun with a re- 
ference only to the relative situations of the observatories of 
Greenwich and Paris, was extended to a survey of the whole 
kingdom. Tliis, General Roy having died, was conducted by 
Colonel Mudge, with great skill and assiduity. In the course 
of his survey, in the year 1801, he measured an arc of the me- 
ridian, between Dunnoee in the Isle of Wight and Clifton in 
Yorkshire. The difierence of latitude (nearly three degrees) 
was ascertained by an e^scellent zenith sector, made for the oc- 

From tliis measurement it resulted, that the length of a de- 
gree in latitude 52° 2' = 121,640 yards. 
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319. An arc oFthe meridian of nearly 10° in length has 
been measured in India, between a station near Cape Comorin, 
in lat 8" 9', and a station in the Nizam's dominions in latitude 
16° 3'. This has been achieved by the exertions of Major 
I^mbton continued during several years. He was furnished 
with excellent instruments, similar to those used by Colonel 
Mudge. Tlie result of Major Lambton's measurement gives 
120,975 yards for the length of the de^^in latitude IS". 3'N. 

A comparison of the degrees ascertained by Colonel Mudge 
and Major Lambton, gives the excess of the equatoreal abovo 
the polar diameter = j\j. 

320. At the time the En^isli measurement was going on, 
the French astronomers Mechain and Delambre engaged in 
measuring the arc of the meridian from Dunkirk to Barcelona, 
which places are nearly under the same meridian, and differ in 
latitude by about 9}°. Ilieir operations commenced in 1792, 
and after struggling with the greatest difficulties arising from 
the unhappy situation of their country, they succeeded in accom- 
plishing the objects of their labours. From this measurement, 
compared with the measurement near the equator in 1736, &c., 
they deduced the excess of the equatoreal above the polar dia- 
meter = ^^. 

321. In the year 1802, M. Swanberg and other Swedish 
astronomers undertook to repeat the operations of the French 
Academicians, which they had performed near Tomea in Lap- 
land in 1736. This was an object of con^derable importance, 
on account of the different results deduced from the compari- 
sons made with the measurements in France and Peru. 

M. Swanberg has given a most able detail of this operation 
and of the computations. The result which he deduces from a 
comparison with the new measurement in France, is an excess 
of the equatoreal above the polar diameter = ^^j. 

A comparison of the measurement of Major Lambton and 
of his own, gives the excess, the same, viz. j^j. 



b> Google 



CHAP. XVII.] APPI,. OF ASTRONOMY TO OEOGRAPHY. 221 

Other comparisons incline him to 6x the most probable ex- 
cess at ^ly. 

The discordance of the degree measured in Lapland in 
1736 and 1802, led to an examination of the source of the dif- 
ference; and it appeared that the French Academicians had 
erred ten or eleven seconds jn the latitude of one of their sta- 
tions. All their other measurements were verified, l^is error 
was sufficient to account for the difference of results. 

332. Afler all that has been done, much uncertainty remains 
as to the true figure of the earth : several measurements of de- 
grees of longitude, compared with the degrees of latitude, give 
a much greater diflerence of diameters : however the measure- 
ment of a degree of longitude cannot be so accurate as that of a 
degree of latitude, on account of the difficulty of ascertaining the 
difference of longitudes of the extremities. 

323. The operation of measuring a degree of latitude con- 
sists in ascertaining the length of the arc of the meridian, and 
in ascertaining the difference of latitudes of the extremities. 
The latter part is not susceptible of near so great accuracy as 
the former. A second in latitude answers to about 33 yards, 
and the difference of latitude cannot be probably ascertained 
nearer than two seconds, supposing no cause of irregularity to 
affect the plumb line. But there is sufficient proof that the I 
plumb line is sometimes displaced several seconds by the at- J 
traction of mountains or of diflerent strata. Qolonel Mudge | 
and the French astronomers experienced this, in a considerable | 
degree. 

The terrestrial measurements are susceptible of great accu- 
racy. It is usual to measure a base of verification, as far dis- 
tant from the first base as can convenientiy be done, and then 
compare this base with its length deduced by computation, from 
the first base and the angles measured : this was done by the 
French astronomers in their late survey. The length of the 
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base of rerificaticm measured was upward of 7 miles, and at the 
distance of above 400 miles from the former base^ and yet it did 
not differ by 1 2 inches from the length inferred by computations. 

324. The instruments used in the English measurement, 
and in that by Major Lombton, were a steel chain, an instru- 
ment for taking horizontal angles, the circles of which were 3 
feet in diameter, and a renith sector. Mr. Bamsden exerted 
his great talents in making the construction of these instruments 
as perfect as possible. 

The first base in the English measurement was above five 
miles in length, and was measured in 1787 by glass rods: it was 
again measured in 1791 by the steel chain, and the two mea- 
surements differed only by about 3 inches. 

The instrument for taking the angles, sometimes called 
Ramsden's Theodolite, besides the accuracy it afforded, gave at 
once the horizontal angles, in which it had a great superiority 
over the instruments by which the angular distances between 
the stations were taken, and which afterwards required to be re- 
duced by computation to the horizontal angles. 

325. In the recent measurements in France and Lapland, a 
repeating circle, of which the radius was only a few inches, was 
used for tiding the angles and making the observations for the 
difference of latitudes of the extremities of the arcs. However 
inadequate at first sight such an instrument may appear to ob- 
tain conclusions in which extreme accuracy is required, it must 
be allowed that it fully answered the purposes for which it was 
intended. Tlie length of the computation was much increased, 
as the angles observed were to be reduced to the horizon, and 
other reductions made : but these inconveniences seem much 
more than compensated by the portableneas of the instrument 

The French base was measured by rods of platma : the 
Swedbh by rods of iron : the requiEute allowance was made for 
the changes of temperature during the operations. 
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326. The result of the meaaurement in France haa been 
used to ascertain a standard of measure. The length of a qua- 
drant of the meridian was computed and found to be 5, 1 30,740 
toises or 10,936,578 English yards. This was divided into ten 
million parts, and one part, which was called a metre, was made 
the unit of measure. AH other French measures are deduce^ 
decimally from this. The French metre then is 1,0936578 
yards, or 39,37 inches nearly. 

Computing from the length of the degree in latitude 45" the 
mean diameter of the earth comes out 7912 English miles 
nearly, and adopting the fraction 3^5, the equatoreal diameter 
will exceed the polar by about 25 miles.' 



■ A rdallan of the measurement in LapUnd in 1736, was published by Mau- 
pertuis, and also by the Ahh6 Outhier, which U more niiniitfi than that of Mauper- 
tuis; (vid. Conn, des Temp. ISOB.) Separate accounts of the meaaurementg in 
Peru, were published by tllloa, Bouguei, and Condninine. 

A very particular account of the measurement in France nag published by Cas- 
Einiin )T44. 

The particulars o( tbe recent meaautement in France have been published by 
Delambre, and of that in Lapland by Swanberg ; (vide Conn, des Temps, 1808.) 

An account of the measurement by General Roy, will be found in the Phil. 
Trans, for 1787 and 1790. Of that by Col. Mudge in the Phil. Trans, for 
1803. 

The latest account of M'^or Lambton's meanirenunt is g^ren in the Phil. Trans. 
1818, p. 2. 

An interesting account of the different measurements is also given under the 
article " D^ree" in Reea's Cydopadia. 



b> Google 



ELEMENTS OF ASTHONOMV. [CHAP. XVIII- 



CHAPTER XVni. 



ON TBE CALENDAR. 



327. Among the diiTerent diviaons of time, the civil year 
18 one of the moat important The solar year, or the interval 
elapsed between two successive returns of the sun to the same 
equinox, includes all the varieties of seasons. 

The civil year must necessarily consist of an exact number 
of days. But the solar year consists of a certain number of days 
and of a part of a day, (art. 214.) Hence an artifice is neces- 
sary to keep the commeucement of the diflerent seasons, as 
nearly as possible, in the same place of the dvil year: that is, 
if the sun enter the equator on the 20th of March in one year, 
that it may always enter it on the same day, or nearly on the 
same day, and that the solstices may be always as nearly as pes- 
sible on the same day. 

TTie common civil year consists of 365 days. The solar year 
of 365 days, 5 hours, 48 minutes, and 50 seconds, or 365 days, 
6 hours nearly. 

It ia evident that if each civil year were to consist of only 
365 days, the seasons would be later and later every year, and 
in process of time change through every part of the year. 

328. In the in&ncy of astronomy, it was not to be expected 
that the exact length of the solar year could be obtained with 
much accuracy, and we find the Egyptians and other nations 
availing themselves of another method, by which they regulated 
the times of their agricultural labours. They observed when 
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Sirius or Arclurus, or some qther bright star, after it had been 
obscured by the splendor of the solar rays, first became visible 
in the east, before sun-rise. This is called tlie heliacal rising 
of a star. From this time they reckoned a certain number of 
days to the commencement of the respective seasons of plough- 
ing, of sowing, end of other labours in husbandry. 

In this manner they dispensed with an exact knowlei^ of 
the length of the year. Iliey were ignorant of the precession 
of the equinoxes, which in a few centuries would have occasioned 
their rules to fail, or rather to change. 

329. The first useful and tolerably exact regulation of the 
civil year, by help of the solar, took place in the time of Julius 
Caesar. It was then provided that every fourth civil year should 
consist of 366 days, and the addition of the day should be made> 
*' die sexto caleudas marlias," whence the term bissextile applied 
to the year that consists of 366 days: we usually call it leap 
year, and the additional day is called the 29th of February. 

The Calendar so ordered was called the Julian CaWdar. 

330. By the council of Nice, held in the year 325, it was 
fixed that the feast of Easter, by which the moveable fasts and 
festivals of the church are regulated, should be the first Sunday 
after the first full moon, which happened on or ailer the 21st of 
March. At that time the equinox happened on the 2Ist of 
March. Thus the festival of Easter was intended to be regu- 
lated by the spring equinox. 

At that time it must have been known that the excess of the 
solar year above 365 days was not quite six hours, and that 
therefore, in using the Julian Calendar, the equinox would hap- 
pen sooner every year. There however seems to have been no 
provision made on that account. 

The true length of the solar year being less than 365 days, 
6 hours, by H minutes nearly, the equinox every fourth year 
was nearly 44 minutes earlier, and in course of time the 21st 
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of Mondi, instead of being the day of the equinox, mi^t have 
been the day of the summer solstice. Thus the &st of Lent and 
festival of Easter might have been obeerred in the middle of 



This inctHireniraice was foreseen before any material altera- 
tion had taken place. In the time of Pope Gregory, in 1577, 
the equinox happened on the IKb of March, or ten days be- 
fore the Slat. It was then determined to remedy the error that 
had already taken place, and to provide against a future accu- 
mulation. 

It must he generally allowed, that it was right to gaard 
against an increase of the error, but it may be doubted whether 
a greater inconvenience did not take place to the people in ge- 
neral by correcting the error of the ten days, than if it had re- 
muned. 

331. The 5th of October, 1582, was called the I5th, and 
thus the equinox was restored to tlie 21st of March. 

A recurrence of error was prevented in the following man- 
ner. The true length of the solar year, as far as it was then 
known from the best tables, founded on the observationsof Co- 
pernicus, Ptolemy, and Hipparchus, was 365 days, 5 hours, 49 
minutes, and 16 seconds. By adding a day every fourth year, 
in 4 years the addition was 4 X (10" 44') too much, or the ac- 
cumulaticMi of error in 400 years = 400 X (10" 44") = 2 days, 
23 hours, and 33 minutes nearly. Hence if, instead of making 
every fourth year leap year, every hundredth year for three cen- 
turies successively be made a common year, and the fourth hun- 
dred year be a leap year, the error in 400 years will be only 
about 27 minutes, and therefore the error in 20000 years would 
not be more than a day. 

Hence the correction adopted by Pope Gregory, that the 
years 1700, 1800, 1900. 2100, 2200, 2300, 2500, &c., which, 
by the Julian Calendar, are leap years, should be common years. 
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and that the years 2000, 2400, &c. shoHld remain leap years, m 
quite sufficient The more correct length of the solar year, as 
nowdetennined, prdveathe Gregorian correction less exact, but 
not materially so. 

332. The Gregorian, or the new style, was not adopted in 
Protestant countries, till a considerable time had elapsed. 
When it was adopted in England in the year 1 752, the error 
amounted to H days. This was remedied by calling tlie 2nd 
of September, 1752, the 13th. 

The efect of thus putting, as it were, the seasons backward 
by 1 1 days, must at that time have been disagreeable. That 
our mode of reckoning time was made the same as that of 
other nations, was doubtless a convenience. But it might have 
been more conformable to our climate and the original notions 
of the festival of Ejaster, which regubtes the other moveable 
fasts and festivals of the charch, if the error that had already 
accumulated from the Julian Calendar had remained, and the 
Gregorian correction against future error had been only adopted. 

The early climate of Italy might have prindpally induced 
Pope Gregory to bring back Easter to the regulations of the 
equinox : and it may have been a powerful motive in Russia for 
not adopting the Gregorian alteration in the style, that by re- 
taining and sufl^ing the errors of the Julian Calendar to accu- 
mulate further, the fast of Lent and festival of Easter will fall at 
times more convenient in respect to their seasons. 

The year 1800 having been by the Julian Calendar a leap 
year, and by the Gregorian a common year, the Russian date is 
now 12 days behind that of the other countries of Europe. 

333. The time of the festival of Easter depends on the first 

full moon on or after the 21st of March, and therefore, strictly, 

recourse should be had to asb'onomical calculation to ascertain 

the time of Easter for each year. But it is sufficient for this 

02 
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purpose to use the Metonic Cycle, (art 137,) the numbers of 
which are called Golden numbers. 

Short rules and brief tables are gjven in the Act of Parlia- 
ment for changing the style, and are usually prefixed to the 
Book of Common Prayer, by which the times of Easter may be 
found for any number of years to come. The computation so 
made, must sometimes differ from what a more exact calcula- 
tion would give, and the time of Easter, if exactly computed, 
may vary considerably from the computations founded oh the 
Metonic Cycle. However, as the latter mode of <»lculation is 
pescribed by the Act of Parliament, no inconvenience, from 
uncertainty as to the time in which the festival of Easter is to be 
observed, can arise. 

By exact computation the 1st of April, 1798, should have 
been Easter Sunday, whereas by the Calendar prescribed it was 
not celebrated till the Sunday after. Also the 39th of March, 
1818, should have been Easter Sunday, instead of the 33nd of 
March, as found by the prescribed mode of calculation. 
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CHAPTER XIX. 



ON TBB DISCOVERIES IN PHYSICAL ASTRONOMY. 

334. The astronomical knowledge, that existed before the 
time of Sir Isaac Newton, was derived from long and tedious 
observations, which had been continued through many ages. 
The various discoveries, such as the elliptical motions of the 
planets, the law of the periodic times, the precession of the equi- 
noxes, the direct motion of the apogee of the moon's orbit, the 
retrograde motion of Its nodes, the variation and erection of 
the moon, were apparently so many unconnected circumstances. 
It was Newton who first, from a few general laws of matter 
and motion, by help of mathematical principles, shewed the ori- 
^n and connexion of these different phsnomena, and that they 
were simple results of the general properties which the Creator 
has ordained should belong to matter and motion. Before his 
time I^ysicat Astronomy did not exist Hie attempts of Kep- 
ler, Des Cartes, and others, to explain several astronomical 
phenomena from physical prindples, now scarcely deserve 
notice. 

335. It would be incompatible with fhe plan of this work 
to enter into any detail of the mathematical principles of physi- 
cal astronomy. But the discoveries in physical, are so connect- 
ed with plane astronomy, and so important, that it was not pos- 
sible to avoid the mention of many of them, when occasion 
offered ; and it may not be deemed improper to conclude with 
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a short account of the general advantages, the science of astro- 
nomy has received from the application of physical principles. 

Sir Isaac Newton has shewn that all (he bodies of the solar 
system mutually attract each other. That the gravitation or 
the force of attraction exerted by, or toward any body, is in pro- 
portion to the mass of die attracting body. That this force, is 
greater or less, according as the distance from the attracting 
body is less or greater, and that in proportion to the square of 
the distwice. 

336. Of the immediate cause of gravitation, he confesses 
himself ignorant. He says,* that gravity must be caused by an 
agent acting constantly according to certain laws : but whether 
this agent be material or immaterial, he did not attempt to de- 
cide. He reflected much on this subject, but it does not ap- 
pear that he ever came to any conclusion which satisfied him- 
self. At tliis day 'we are not advanced one step farther toward 
the knowledge of the proximate cause of gravity, than Newton 
himself had advanced. 

TTie knowledge of the proximate cause, however, is not ne- 
cessary to ascertain the existence and laws of the action of gra- 
vity. The latter are collected from a variety of facts. 

From the laws of the action of gravity combined with laws 
of matter and motion, deduced from observations on terrestrial 
matter, Newton explained the motions observed in the solai- 
system. 

The sun situate in the midst of the planets attracts them all 
toward itself, while they also attract the sun, but from the 
greater mass of the sun, the effect of the planets in moving the 
sun is very small, compared with tlie attraction of the sun on 
the planets. 

•Lwtec to Dr. Benlley, page 438, vol. 4. Horgley's Edition of Newton's 
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Had DO other impulse been given to each of the planets, 
they and the sua would have come together in consequence of 
their mutual attractioa. But a proper impulse was given to 
each planet in a direction either perpendicular, or nearly per- 
pentUcular to a line joining the sun and planet. In consequence 
of this impulse, and of the attraction of the sun, each planet 
continues to rerolve round the sun in an eUij^cal orbit not dif- 
fering much from a circle, that is, not very eccentric. These 
impulses must have been given at the creation. These impulses 
required, to use the words of Newton," " the Divine Arm to im- 
press them according to the tangents to their orbits." 

The simple laws of matter and motion, which the Almighty 
has been pleased to ordain, ore sufficient to preserve the mo- 
tions of the system for a length of time, to which our bounded 
intelligence cannot put a Omit 

337. The preparatory steps of Newton conust, principally, 
in shewing, that a body projected, and attracted to a fixed cen- 
tre, describes equal areas in equal times, about that centre, and 
in investigating die laws of the variation of the force by which 
a body attracted toward a g^ven point, may be made to move in 
a given curve. 

He particularly shews by an interesting application of ma- 
^matical principles, that a body moving in an ellipse and de- 
scribing equal areas in equal times, about one of the foci, must 
be attracted toward that focus, by a force varying inversely as 
the square of its distance from the focus : that the squares of 
the periodic times of bodies, moving in different ellipses about 
a common centre of force in the common focus, are as the cubes 
of the greater axes. 

He also, conversely, proves that a body attracted to a fixed 



■ Third Letter lo Dr. Benlley. 
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centre, by a force verying inversely as the square of the distance, 
and projected in a direction, not passing through the centre, 
with a velocity, not exceeding a certain limit, will describe an 
ellipse abont the fixed centre. The increase, or decrease of ve- 
locity, generated by the attractive force, is so exactly combined 
widi the velocity of projection, that the efficacy of the attractive 
force in drawing it from the tangent of the curve, in which tan- 
gent it would continue, were the attractive force to cease, is such 
es always to retain it in the circumference of the ellipse. 

After considering a variety of cases about a fixed centre, he 
considers two or more bodies, mutually attracting each other. 

He also demonstrates that if a globe consist of particles each 
of which attracts with a force varying inversely as the square of 
the distance, that the united forces of all the particles, compose 
a force tending to the centre of the globe, and varying inversely 
as the square of the distance from the centre of the globe. 

338. The application of his investigations to the system <^ 
the world, may be biieOy stated as follows. 

The eflort by which all bodies within our reach, tend toward 
the surface of the earth, we call gravity. If left to themselves, 
bodies fall toward It in a right line, but if projected, they tend 
toward it in a curvilinear course. 

By gravity also a pendulum, when removed from a vertical 
position, tends to it again, and so vibrates. 

Experiments on the motions of falling bodies and the vibra- 
tions of pendulums, after proper allowances made for the re^st- 
ance of the air, shew that this force of gravity, measured by the 
velocity produced in a given time, is nearly the same in the same 
place, at any distance from the surface to which our experiments 
can reach. 

But along with the knowledge of tliis fact, wc also arrive at 
another, of great importance, viz, that liowever dissimilar bodies 
are in their visible properties, yet they are all equally affected 
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by gravity, that each particle of & body is acted upot^ by the 
same force, that the component parts of air and gold, are equally 
impelled toward the earth. This knowledge is derived from 
observing that all bodies, at the same place, describe, in Mling 
toward the earth, eqnat spaces in equal times, abstracting from 
the resistance of the air. 

To these laws of gravity, we are enabled also by experiment 
to add a third ; that the|gravitation toward the earth is the united 
effect of gravitation toward its separate parts, or that each parti- ' 
cle of matter attracts ; from whence it follows, that the attrac* 
tion of gravitation between terrestrial matter is mutual.* Seve- 
ral strong arguments induced Newton to adopt ^is, as an Hy- 
[wthesis, but it seems not to have been fully verified, till long 
after his death. No facts, proving it, were known to him. 

Although we are ignorant of the cause of gravitation, yet we 
can inquire whether it be a principle which has no oUier con- 
nexion with the earth, tlian that of impelling bodies toward its 
centre, or whether it be a principle attached to each particle of 
matter, and so whether the force by which bodies are impelled 
towards the centre of ^e earth, arises from the joint attractions 
of the particles of which the earth is composed. Newton, as 



* If the Eailb had been ori^nallya fluid of unifonn denaity, it would have fbl- 
lowed from the mutual attraction of it) part), and (torn its rotation on ita aiii, thai 
the increaae of the length of a pendulum vibrating Mcondi nould have been nearly 
ai the square of the sine of latitude. Also if (he Eartli had been originally a fluid 
of unequal dendt;, the denser parts would have so arranged themielTei towards 
the centre, that the law of Increaae of the length of the pendulum would still be u 
the square of the sine of latitude. Now we know that the interior of the Earth ia 
denser than the suiface, and a great number of eiperiments hare shewn, that in 
both hemispheres the increase of (he length of the pendulum is as tlie square of the 
tine of latitude. From hence it has been inferred that the Earth was originally Id 
a fluid stale. 

The above is one of the results of analysis and experiment that, according (o 
Laplace, ought to be ranked among the few certainties (hB( Geology fiiroishcs. 
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was said, adopted the hypothesis of this latter mode of the ac- 
tion of gravity ; but it was not necessary.for his theory, that gra- 
vity should arise from the gravitation toward the particles of 
each body. 

339. The effect of the attractions of ttie mountains in Peru, 
on the plumb line, observed when the meaBitrement of an arc of 
the meridian was carrying on, was the first direct proof. Some 
circumstances, however, made (he result of the experiments du- 
bious. But it was MIy verified by the experiments of Dr. Mas- 
kelyne on the attraction of Mount Schehalhen in Scotland. 
(Phil. Trans. 1775.) It has since been confirmed by Mr. Ca- 
Tendish's experiments on the effects of (he attraction of balls of 
lead, (Phil. Trans. nGS.)" 

The experiment of Dr. Maskelyne was made by observing 
the effect of the attraction of the mountain in drawing the plumb 
line of a zenith sector from a vertical position toward itself. 
The observations being made with the utmost care and accu- 
racy, as might be expected from the long experience of Dr. 
Maskelyne, the result was, that the difference of latitude from 
measurement was less by 1 1", than by observation of the difie- 
rence of the z^th distances of the same star. Thus the attrac- 
tion of the mountain, occasioned the plumb line to deviate about 
5|" from a vertical situation. 

340. Before the time of Newton, it appears that several 



■ Laplace hai shewn that the etktt of the attrnctioti of the excess of nuitler at 
the equator, causes two equations in Che diood's motion, one in UliCude and the 
other in longitude. The quantities of these equations, having both been well ascer- 
tuncdbj an examination of a very great number ofobaeivations, have served to de- 
duce the excess of the equatoreal above the polai diameter. Each equation gives 
the game eicesa very nearly, vii. ^, Laplace also haa shewn (hat the excess of 
mattetal the equator of Jupiter occasioDi certain equaliona in the motions of the 
SsteUiles. 
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eminent men had notions respecting a mutual attraction in the 
system. Kepler in his work " De Stella Marte," speaks of the 
mutual gravitation of the earth and moon. He says that if they 
were not retained at their proper distances, the earth and moon 
would come together, the moon coming over 53 parts of the dis- 
tance, and the earth over one part. He also seems aware, that 
not only the tides are caused by the attraction of the moon, but 
also that the irregularities of the moon are caused by the united 
actions of the sun and earth. But it does not appear that either 
he, or any other person before Newton, had an idea that the 
force of gravity toward the earth, combined with the projectile 
velocity, retained the moon in her orbit, or any notion of the va- 
riation of gravity, at diiferent distances from the earth.' 

Kepler, although an excellent mathematician, seems not to 
have been able to apply that science to hia ideas of gravitation, 
and Galileo had the merit of first applying the principles of 
mathematics to investigate the effects of gravity at the earth's 
surface. He first shewed that a projectile acted upon by the 
uniform force of gravity, in parallel lines, describes a parabola. 
We find no mathematician between him and Newton pushing 
the inquiry farther and investigating the curve in case of a pro- 
jectile taking such a. range, that gravity could no longer be con- 
sidered to act in parallel lines. About the time however that 
Newton applied himself to these inquiries, we see several ma- 
thematicians considering the laws of action by which bodies 
may revolve with uniform velocities in different circles about 
the same centre. 

We are told that an accidental circumstance first led Newton 



■ It may be «»nsideied 13 a curious circiunstance Umt Galileo computeE how long 
a body would take to fall from the moon to the earth. He supposes the force of gn- 
vily to continue the wme Ihroughoiit the whole distance. 
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to consider the eSect« of the gravity of the earth, at « distance 
from the surface, and to inquire whether that gravi^ did not 
extend to, and retain the moon in her orbit : die moon by the 
continual action of this force being drawn from a rectilineal 
course, and made to rerolve about the earth in a nearly circular 
orbit. 

To examine this point, he was enabled, from knowing (he 
moon's distance from the earth and its periodic time, to com- 
pute how much it deviated, or was drawn from its rectilineal 
course in one minute, which he found to be nearly 16 feet. He 
thus found that a force tending to the earth existed at the dis- 
tance of sixty semi diameters, which impelled the moon toward 
the earth, 16 feet in one minute. The next inquiry was whe- 
ther this force were constant or variable at different distances 
from the earth, or rather what was the law of its variation. He 
saw tiiat if it increased as the square of the distance decreased, 
at the earth's surface, it would impel a body 3600 X 16 feet in 
one minute, or 16 feet in one second. This is the space a body 
falls by gravity in one second. Hence he concluded that the 
force of gravity, diminished in the duplicate proportion of the 
semidiameier of the earth, to the moon's distance, was the force 
acting at the moon and retaining it in its orbit. 

341. We deduce somewhat more easily the law of gravita- 
tion towards each of the planets, which have satellites. It is 
found that the satellites of Jupiter move round Jupiter in 
orbits nearly circular, and that the squares of the periodic times 
are as the cubes of their distances from the primary. Whence 
it may be easily shewn, that they are constantly impelled toward 
or attracted by Jupiter, by a force increasing as the square of 
the distance from Jupiter decreases. The same may be said of 
Saturn and the Georgium Sidus. Here then are the Earth, 
Jupiter, Saturn, and the Georgium Sidus, each attended with an 
attractive influence, acting by the same laws, and therefore, by 
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analogy, we may justly conclude, that the remaining planets at- 
tract by the same laws. 

343. Newton's investigations of the motions of bodies about 
the same centre of force, combined with Kepler's discoveries, 
prove that each of the planets is attracted toward the sun, by 
a force varying inversely as the square of the distcuice from the 
sun. 

For Kepler shewed that each planet moved in an ellipse, 
and described equal areas in equal times about the sun in the 
focus, and that their periodic times were as the cubes of the 
greater axes of their orbits. Newton demonstrates, that when 
this takes place the law of attraction is as above stated. 

343. Hius then by the moon we ascertain that the earth 
exerts an attractive influence ; by the satellites of Jupiter, Sa- 
turn, and the Geoi^ium Sidus, that these planets exert a simi- 
lar influence ; and by the forms of the pltmetary orbits and laws 
of motion in those orbits, that the sun also possesses an attractive 
force. We find the law of action is the same in all the attract- 
ing bodies. But if we examine farther we find the forces exert- 
ed very difl^erent at the same distance from each body. If we 
compute the force exerted by the earth, at the distance of the 
sun, by diminishing the force of Gravity at the earth's surface 
in the duplicate proportion of the semidiameter of the earth to 
the sun's distance, we shall find it small indeed, compered with 
the force the sun exerts on the earth.' 



, ■ Tbe musea and dentltiea of (hoie planeti, which bave Mtellites, bave been u- 
certained bf tbelr atlractiie actiona on the Satellitea. The deaiit; ofwaler being 
called unit;, then nearly, 

tbcdenrity oftbe Sun ^ 1,3 

of Ibe Earth ^ S.O 

of Jupiut =s 1,0 

ofSacum = 0,S 

oTOeorg. Sidus. = 1|S 
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344. As the planets nre attracted toward the sun and attract 
their satellites, we may conclude that they attract one another 
and the sun. Also, as we find the attraction of the eartii made up 
of the attractions of its parts, so we may conclude the attractions 
of the sun and jdanets composed of the attractions of their parts, 
and that the law in the system is, that every body attracts witli 
a force at a given distance in proportion to its mass, and that the 
force diminishes as the square of the distance of the attracted 
body is increased. 

34.5. As soon as Newton had published his discoveries, 
there could be no rational doubt of this being the law which 
exists throughout the solar system ; and every step, that has 
since been made in Physical Astronomy, has furnished addi- 
tional proofs. 

It is probable that Newton derived no as^tance in the dis- 
covery of the law of gravity : yet he does not seem unwilhng 
that odiers should have a share in the merit. He ingenuously 
tells us that Wren, Hook, and Halley bad separately discovered 
from Kejder's law of the periodic times, the law of attraction to- 
wards the sun, if the planets moved in circular orbits. But the 
great Suae of Nenton rests not upon this foundation, that he 
merely discovered the law of gravity. He proceeded by syn- 
thesis to examme the phenomena that would offer themselves 
in a system so regulated. His transcendent mathematical pow- 
ers enabled him to point out the origin of all the m(H« splendid 
discoveries of former ages. He shewed that the planetary or- 
bits must be elliptical, that the lunar irregularities, the preces- 
sion of the equmoKes, and the phsenomena of &e tides must 
take place from the principle and law of universal attraction. 



Ihe density of Venua ia Bupposed to be somewhat greater than the deneily of the 
earth fnjm the effects of that planet in diminishing the obliqnily of the ecliptic, and 
br chnngnng the plane of the earth's orbit. 
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thereby evincing, in the strongest manner, that he had arrived 
at ibe knowledge of those laws, which the Creator had willed 
for upholding the system of the world. 

346. NewtOD had extended the boundaries of nnthematical 
knowledge, as much as he had those of physical. He preferred 
exhibiting his investigations and conclusions in a geometric, ra- 
ther dian in an analytic form, as better suited to the general 
outlines of physical astronomy, and also as better adapted to ofJl 
the attention of the world to his great discoveries. To extend 
the limits of physical astronomy, and to explain discoveries that 
have been made by comparing modem end ancient observa- 
tions, it has been found necessary to adopt entirely the analytic 
method. 

A con^derable time elapsed from the publication of New- 
ton's Principia In 1687, before any attempt was made to extend 
the investigations of Newton. In 1740 Maclaurin, Enler, and 
Bemouilli shared a prize given by the Royal Academy of Sci- 
ences at Paris, for their dissertations on the tides, in whidi 
they made considerable advances in the path pointed out by 
Newton. 

Soon after, Euler, D'Alembort, and Clairaut, engaged in 
the famous fffoblem of the three bodies, as it has been called. 
That is, to investigate the motions of three bodes, acting upon 
each other according to the laws of gravi^. The problem in 
its general extent ia far beyond the powers of analytics in their 
present state : but in the case of the sun, earth, and moon, we 
can approximate to the solution with sufficient exactness. For, 
the sun disturbs the motions of the moon, as seen from the earth, 
only by the difference of its attractions on the moon and earth, 
which differ^ice is always very small, compared with the torce 
by which the moon is ^tracted towards the earth. 

The importance of an exact knowledge of the lunar motions 
in finding the longitude atsea, seems principally to have incited 
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the exertions of these mathematicians. Adifficulty soon occurred 
whidi made them at first doubt of the exactness of the New- 
tonian law of gravity. They could not reconcile the mean mo- 
tion of the lunar apogee, as determined by calculation, with that 
deduced from observation.* They saw the latter was double 
of the former. At last Clairaut, by extending his approxima- 
tions'* overcame this difficulty, and added a new proof of the 
law of gravity. 

347. There were two pheaomenn, however, to which Flam- 
stead and Halley first called the attention of astronomers, 
which for many years baffled all attempts to account for them, 
from the received laws of gravity. These were the acceleration 
of the mocm's motion, (art 230,) and the acceleration of Jupi- 
ter's, and retardation of Saturn's motions (art 213.) 

Dr. Halley's computations on the ancient observations had 
been verified by other astronomers, and no doubt remained of 
the facts. The acceleration of the moon's motion had also 
been verified by computations made on three eclipses observed 
by Ibn Junis near Cairo, towards the end of the lOth Century. 



* Nenrton himiclf Kcma to ban long been lenuble of Chia difflcultf , (uid to 
ham exerted hinuelf Inlhe coinpalatioD without luueu. In the finl edidonof the 
Prindpis be mentioni computationa by vhicb he had ucertiined tbe agreement 
nearlyof hii Theory with Flunitead'i Table), accommodated to the Hypothesis of 
Horroi. Bat he tayi, " Compntaliones antem ut nimii peiplexaa et appraiimk- 
tionibui impedltat, neque utii accurataa, appanere non lubet.'' In Uie gobsequent 
edition* of the Principia, he does not atlempl to reconcile Che observed mation of 
the apogee with big Theory. It would be very inleregtipg to know the particulan 
of hlB compuution; 

'• Not congldeiing die ecoentridty and inclination of the lunar orbit, the mean 

motion of the lunar apogee, that of the moon being unity, u eipreised by a "seriea 

3 . , 326 . , . periodic time of the moon 

.fom. .rih. bn. j»- + — .Af »,.„„■ = „j^,a„.rf,i...^ 

^ -5^ nearly. Clairaut'g flrat appproximalion extend*^ only to the tenn ■tt»'. 
TideTnna. Royal Imb Academy, vol 13. 
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348. Euler, who, as a mathematician, ranks so high, di- 
rected his attention to the motions of Jupiter and Saturn. So 
early as the year 1748 he published an investigation of them, 
but failed to explain the difficulty. Other mathematicians 
engaged in the inquiry. For a long time the object of their 
pursuit eluded them, but their exertions tended much towarda 
perfecting physical astronomy. 

Euler investigated many of the disturbances which lake 
place by the mutual action of the sun and planets. He first 
shewed that the diminution of the inclination of the ecliptic to 
the equator, which ancient observations appeared to show, was 
occasioned by the actjon of the planets by which the plane of 
the earth's orbit is gradually changed. 

Lagrange, who has become so distinguished by his many 
splendid improvements in mathematics and mathematical phi- 
losophy, about 1765 published* his investigations respecting 
the motions of Jupiter and Saturn. 

Hie celebrated Laplace in 1773 shewed that the mean mo- 
tions and mean distances of the planets were not subject to any 
variation arising from their mutual actions on each other, or at 
least were so nearly constant that nothing could appear to the 
contrary from the most ancient observations. Hence the ex- 
planation of the acceleration of Jupiter and retardation of 
Saturn, that Lagrange and others had given, could not be the 
true one. 

Soon after Lagrange himself proved strictly, what Laplace 
had proved only by approximation, that neither the mean 
motions, nor mean distances of the planets were subject to any 
perceptible alteration from their mutual attraction. 

It was not till 1786 that Laplace discovered the true expla- 
nation of the difficulties as to Jupiter and Saturn, after it had 

■ Turin Hemoiri. Vol. 3. 
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been sought for in vain, above thirty years, by the con^nued 
exertions of the first mathematicians. 

His investigations furnished another confirmation of the 
mutual attraction of the system. He shewed that the quantity 
of acceleration in the motion of Jupiter and retardation in that 
of Saturn deduced from computation, agreed ffith observation.' 

349. The difficulty of the acceleration of the moon's motion 
yet remained, and it had fully as much occupied the attention 
of those who endeavoured to improve Physical astronomy, as 
that just mentioned. 

The Royal Academy of Sciences at Paris bad proposed it 
several times as the subject of their prize. It bad eluded the 



■ II IB not euy to make hi) ditcorery intelligible to those not cotiTersant in 
tfie computationi of physical utrononiy. The equatimi ariwng from the mutual 
UtracUon of the bodiea of the syatem, are difided into secular and periodical In 
Bict it is now tnown, that all equation! are periodical, but the lerni, ' secular' 
diaUnguiihei those that do not depend on the position of the bodies aa to each other. 
As these equations appertain to a long period, they are called eecular. Periodical 
eqaationi are those that depend on Che position of Che bodies to each other. 

Thus tbe TariatioD of the moon (art. 231.) depends on the angular distance of 
the moon from the lun, being proportional to the sine of tnice Che angular distance 
of the moon from the sun, and is called a periodical equation. The acceleration of 
the moon's motion not depending on the positions of the sun, moon, and earth, ia 
called a secular equation. 

Lagrange had al first conceired, (hat the acceleration of Jupiter was from a 
secular equation ; but Laplace, and then he himself, shewed that no such equation 
could exist in the planetary motions. Therefore Laplace was led to look for a 
periodical equation, and he observed that ai twice the mean moOon of Jupiter was 
very nearly equal to five times thai of Saturn, an equalion of a very long peiiod 
would result from thence, which might be sensible. To investigate this, it was 
necessary to extend tbe approximations to a greater length thin had hitherto been 
done. It might, and, it is likely it did occur to others before this time, that this 
was a probable source of the phenomena, but till the eiistence of a secular equation 
had been disproved, the formidable calculations might have deterred. Equations 
depending on the difference between five ^mes the motion of any planet and twice 
that of another, actually exist, buc are insensible in the other planets. 
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researches of Lagrange, yet his investigations on the subject 
gained the prize in 1772. Bossut had endeavoured to explain 
it by the resistance of an ether, or subtile fluid pervading the 
whole system. Laplace endeavoured to explain it by supposing 
that the transmission of gravity, like that of light, was not in- 
stantaneous, and on this hypothesis he made some important 
inrestigations. At length in 1787 Laplace himself discovered 
the true cause ; that it was a simple result of the laws of gra- 
vity. The actions of the planets, besides changing the plane of 
the earth's orbit, change also its eccentricity. The eccentricity 
now is diminishing, and will continue, for many ages to come, 
to do so. It will aHerwards increase, and thus be subject to 
periodical changes. These changes will affect, through the 
action of the sun, the angular velocity of the moon about tbe 
earth, and hence at the present time an acceleration takes 
place. Nothing can he more satisfactory than the results of 
Laplace on this subject He has shewn that the mean mo- 
tions of the apogee and of the node are affected by the same 
cause, and it appears that tbe quantities assigned by compu- 
tation agree with the results arising from a comparison of an- 
cient and modem observations. 

' The true cause of the acceleration or secular equation of 
the moon's mean motion being discovered, Laplace's former 
investigations, on the hypothesis that the transmission of gravity 
was not instantaneous, have served to prove that the transmis- 
sion of gravity, if not instantaneous, is immeasurably quicker 
than that of light. 

350. The results of all tbe improvements in physical astro- 
nomy, since Newton first called the attention of mankind to it, 
have been given to the world by Laplace in his great work, 
entitled " Mecanique Celeste." This and the R-incipia of 
Newton will probably be considered by late posterity as the 
two noblest monuments of human science. The Principia of 
r2 
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Newton was the work of one mind, which could derive no 
assistance from those who had gone before. The energies of 
the most distinguished abilities had been for many years em- 
ployed in collecting materials for the fabric that Laplace has 
erected. Newton and Lagrange have assisted in an eminent 
degree. Maclaurln, Euler, T. Simpson, Clairaut, D'Alembert, 
and others, greatly contributed. Laplace himself, besides the 
merit of planning, and of selecting, and arranging the materials, 
has the honor of having executed many of the most difficult 
and highly finished parts of this great work. 

351. No motion is now known to exist in the system, but 
what we can shew to be conformable to the laws of universal 
gravitatiwi.' The mean motions and mean distances of all the 
planets are to be considered invariable, and the effects of their 
mutual actions are all periodical. We can now ascertain for 
thousands of years the state of the system, should such a conti- 
nuance be permitted by the Divine Author. 

The obliquity of the ecliptic, which now is diminishing by 
a small quantity every year, will never be diminished by more 
than a degree or two. This is a very interesting result Had 
the obliquity continued to decrease, the equator at last would 
have coincided with the ecliptic, and a great part of the earth 
would have been rendered incapable of producing the n 
food for the existence of men and other animals. 



* It muit not however be auppoied that the uialftical Bcience, na ipplied to 
pbyilcBl utranom;, ii perfect, or even Id a slate approaching to perfection. Not- 
withuanding the great progreaa that hu been made during the last cepturf, much 
remaini to be done. Because the orbila of the planet) are Inclined at unall 
angle! to the ecliptic and to each other, and tiecauae the eccentridtiea of the orbila 
■re Bmall, we are enabled with tolerable bcility to compute b; approii nation the 
(liilurbingefiict»ofthe planet* on each other. But it will be a work of great labor 
anddi&cultf to compute the diaturbanrei of the new planet Pallai, because ia 
trbit ia lo much inclined to the orbits of the other planets. 



byGoogIc 



CHAP. XIX.] ■ ON THE CALENDAR. 245 

352. In all our inquiries into the operations of nature, by 
which should always be understood, the modes of existence and 
laws assigned to the objects of the creation by the Divine 
Creator, we meet with sources of delight and admiration ; but 
in none more, tlian when in contemplating the objects of 
astronomy. 

The magnitudes and the distances of the bodies of the 
solar system when measured by our ideas so vast, the immense 
number of the fixed stars placed at immeasurable distances 
from us, and from each other, shew us the magnificence of the 
creation. 

By the discoveries of Newton we are permitted, as it were, 
to understand some of die Counsels of the Almighty. From 
these we can, by demonstration, overturn the absurd doctrine 
of blind chance. We see that a Supreme Intelligence placed 
and put in motion the planets about the sun in the centre, and 
ordained the laws of gravitation, having provided against the 
smallest imperfection that might arise from lime. And let us- 
not imagine that only in these vast bodies the Supreme care 
was employed. Let us not imagine that man, apparently so* 
insignifiCBnt, cannot be an object of attention in a wotid so 
vast. The protecting hand of the Creator is equally visible in 
the smallest insects and vegetables, as in the stupendous fabrics 
which astronomy points out to us. He, who formed the human 
mind so different in its powers and mode of existence from the 
rest of the works of the creation, has assigned laws peculiarly 
suited to its preservation and improvement : laws not mecha- 
nical, but moral : laws only obscurely seen by the light of 
reason, but fully illumined by that of revelation. 
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The following Problems are intended to illustrate several of 
the articles in the foregoing treatise, and also to explain the prac- 
tical mode of solving some of the more useful problems in 
astronomy. 

To understand several of these problems, a tolerably ext«nsiVe 
knowledge of plane and spherical trigonometry is required, more 
particularly, a knowledge of the elegant and very useful rules for 
the circular parts of a right angled spherical triangle, and the 
analogies for oblique angled spherical triangles, discovered by 
Napier the inventor of Logwithms. A knowledge of the solutions 
of the cases of obUque angled spherical triangles, not included in 
Napier's Analogies, and also of many of the trigonometrical ex- 
pressions for two arcs is required. These expressions depend on 
the fundamental formula 

Sin ( A + B) = sin A. cos B + COB A . sin B 
where A and B represent any arcs positive or negative. 

The Astronomical problems given, are of two kinds. 

t. Problons in the solutions of which great circles of the 
sphere, only, are used. 

i. Problems in which small circles are used, and small varia- 
tions of the parts of spherical triangles. 

For the latter, the fluxional or differential calculus, would have, 
in some few cases, furnished solutions somewhat more concise, but 
not materially so, in any of the examples given. Oftentimes the 
differential calculus, applied to trigonometrical formulae, leads to a 
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very complicftted process ; which might be avoided by the coiui- 
deration of differential triangles. 

Unnecessary repetition will be avoided by mentioning here, 
that in the following Problems, radius is unity, and therefore is not 
put down : that when the rules of circular parts are referred to, it 
is not meant that the equation is put down exactly as given by the 
rules, but such as may easily be deduced from thence. Thus be- 
cause tang, cot = 1 , the reciprocal of the tangent is sometimes put 
for the co-tangent, &c. 

Prop. I. To prove that ike time frotn a atar's rising to its 
coming to the meridian is equal to tike time from coming to the 
meridian to getting. 

Let PH [fig. 48) represent the meridian, BS the horizon, and 
BoS the star's paih, rising at R and setting at S. 

Since RP is equal to PS,' and PH c(Hnmon to the two triangles 
BPH, HPS; by the rules for circular parts we shall have obvi- 
ously the angles RPH, HPS, equal to each other, and therefore 
the angles RFo, oPS are equal; and hence the time of describing 
Ro equal to the time of describing oS, since the motions are 
equable. 

For the sun or moon the angles RPo, cjFS are not equal, be- 
I cause the polar distances RP, PS are not equal. For the sun the 
forenoon exceeds the afternoon from midsummer to midwinter ; 
and frcon midwinter to midsummer the afternoon exceeds the fore- 



Prop. 11. Given the sun's longitude, to Jind its right ascen- 
sion and declination. 

In fig. 49 ES represents the ecliptic, ED the equator, and SD 
a circle of declination. 

By the rules for circular parts =*■ '^ " 
I tan ED =: cos KtanES 
f and sin SD = sin ES.sin E 
I or tauR. ABcens = cosOb.Ecl.tanLong. 
j sinDecI. = sin!ong.sinOb. Eel. 
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When the tang of longitude is negative, the tang of R. Ascens. |^-^^o« 
will be BO likewise, and the R, Ascens. and long, will be always in I 
the same quadrant, as is otherwise evident. ' 

The sine of declination has the same sign as the sine of long, jo, 
and therefore between 180° and 360° of longitude will be south, as / 
is otherwise obvious. These remarks are only made here to calif 
the attention to the signs of the quantities. 

The sun's longitude at any time is found by the solar tables,, 
and is also given in the Nautical Almanac for every day at apparent 
noon at Greenwich., hence may be found for any given time, at any 
place, the longitude of which is known. Therefore the obliquity 
of the ecliptic being known, the right ascension and declination will 
be had as above. 

The mean obliquity of the ecliptic for 1800 was 23° 27' 57' and 
it diminishes 0", 45 every year. For the mode of finding the true 
obliquity from the mean, see Prop. 16. 

Prop. III. 1. To Jind the time of eunriae in a ffiven latitude 
on a given day. 2. When due East. 3. The time of its being 
at a given altitude. 

In fig. 50 the circles of the sphere are supposed to be seen 
from a point in the continuation of a radius, at right angles to the 
plane of the meridian, and therefore the horizon, equator, and 
prime vertical appear right hnea, as HO, £Q and ZN. Yid is the 
sun's parallel of declination. R the place of the sun when rising, 
V the place when on the prime vertical or due east, and FB the 
given altitude. 

On a given day, the sun's declination may be fouad as in the 
preceding problem, or may be deduced from the Nautical Almanac, 
where it is given for every day at noon at Greenwich. 

I. RPO= hour angle from midnight, B being the place of the 
sun at rising. 

From the right angled triangle RPO, by circular parts, cos 
BPO=:cotBP.tanPO. 
or cos hour angle &om midnight = tan decl. tan lat I 
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{ When the declination is south, its tangent is negative, and 
I therefore the cos hour angle is negative, and the angle is greater 
I than 90°. The hour angle being reduced to hours, &c. by dividing 
' by 1 5 gives the time of rising. 

2. To find ZPV. From the right angled triangle ZVP, by 
circulw parts. 

, CosZPVsicotPV.tanZP, or 

I Cos hour angle from noon = tan decl. cot lat 

3. In the oblique angled triangle, BZP, are known the three 
sides to find the angle BPZ. Let P s BP -}- ZP + BZ. By spher. 
trig." sinBP.BJnZP : sm JP. sui(JP— BZ)] :: rad' :cos 'JZPB. 
Hence ZPB is found, and tiierefore the time from noon. 

When J ZPB is small it cannot conveniently be found with 

accuracy, frcwi its cosine, because the cosines of small arcs vary 

very slowly. The following analogy will then serve* sin BP . sin 

ZP : sm (iP— BP) . sm (iP— ZP) : : rad ' : sin ' J ZPB. 

/ The first analc^ is to he used when ZPB b greater than 90°, 

I and the second when less. 

If great accuracy he desired, the effect of refraction should be 
considered by correcting the altitude. Also the sun's declination 
should be exactly computed. 

The effect of refraction on the rising of the sun will be after- 
wards investigated. 

This problem contains the computatitps mentioned in articles 
53 and 292. 

Prop. IV. Given the right aacengion and declination of an 
object, to Jind ite latitude and longitude. Ait. (15). 

In fig. 51 , let P and N be the poles of the ecliptic and equator, 
and S the object. 

If the Eight Ascension be > 0''< 90", PNS=90°-|-B. A. 

>270 <360 ,PNS = B.A.— 270 

' .-.> 90 <270 ,PNS=270— R.A. 

• • See Luby'i Trig. 3d edit. ul. 135. p. SI. 
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NS=:90»±decI., PN = obliq. of eel. 

By spherical trig. 

coBPS = co8PN.cosNS + sinPN.sinNS.cosPNS. 

Hence may be deduced" 

Bin'JPS=Bin(J(PN 4-NS) + M).siii (^(PN + NS) — M), j 

When M IB an auxiliary arc, such that | 

8in*M=sinPN.sinNS.coB'iPNS. / 

The appUcation of the tables of logarithms to find M and then 

PS, the distance from the pole of the ecliptic, is very simple, and 

no distinction of cases occurs. 

The angle SPN can now be found from the sides of the triangle 

SPN, as in Prop. III. 

B A>270'^ oo.SlfSPN<90- long= 90'-SPN 

H.A.>270 < 90'^ ^^ long=450 -SPN 

R.A.> 90 <270 longs 90 +SPN. 

The above solution is ratiier longer than those usually given, 

but it has the great advanta^ of not being embarrassed by a 

difficult distinction of cases. PS having been found, SPN might 

have been found from the simple theorem of the sines of the sides 

being as the sines of the opposite angles ; but then an ambiguity 

would have arisen. Now this latter theorem may be made use of 

for verifying the computation. Thus 

log. sin SN + log. sin SNP = lt«. sin SP + log. sin SPN, 

or, as readily follows, 

log. cos decl . + log. cos R. A. = log. cos lat + log. cos long. 

Prop. V. To find at any time the height and longitude of the 
nonagemmal point. 

The nonagesimal point or degree is that point of the ecliptic 
90° from the horizon, and is therefore the highest point of the 

• See Trig. arl. 13T, p. 84, 2d method. 
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ecliptic. The continuation of the notice of this point by utrono- 
mers has been on account of its use, in computing the parallax of 
the moon in latitude and longitude in eclipses. 

Let HO (fig. 52) represent the horizon, HNO the ecliptic, 
P the pole of the ecliptic, and Z the zenith. Draw through P, Z 
the great circle PZN, and N is the nonagesimal point; for the 
right angled triangles HZN and NZO are equal, and therefore 
HN = NO. Now ZN the co-altitude of N, U the latitude of the 
zenith point, and the longitude of Z is the same aa the longitude 
ofN. 

Hence if we find the latitude and longitude of the zenith point, 
we have the co-alUtude and longitude of the nonagesimal. Now at 
a given time we know the right ascen. of the zenith point, which is 
the right ascen. of the meridian or the sidereal* time, and the de- 
clination of the zenith is the latitude of the place. Hence this 
problem is contained in tiie last. 

The introductioD of the term nonagesimal was unnecessary, 
because the latitude and longitude of the zenith pointy will serve 
more convenienUy the porposes of the height and longitude of the 
nonagesimal. 

Prop. VI, To find the twne of rUing of a given alar on any 



The sun's right ascens. (S) is given in the Nautical Almanac, or 
may be found as in Prop. II, Let F represent the right ascension 
"""of the stw. 

Then S — F will be the angle at the pole of the equator between 
the atai and sun. 

Compute as in Prop. 3, (fig. 50), by help of the star's declina- 
tion and latitude of the place, DPS the angular distance of the 
star from the meridian at rising. Then the angular distance of the 



■ The sidereal time is fonnd from the mem lime, reckoned Trom (he preceding 
D, by increasing die mean time in (he ratio of 36S ; 36S, aud adding (be tun'i 
in longitude at preceding noon. 
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sun from the meridian when the star is rising =s DPB + S— F, 
which reduced into time at the rate of 15° for one hour will give 
the time of rising. When DPR + S — F is negative, or greater 
than 180°, the sun, at the riaing of the star, is to the weat of the 
meridian, otherwise to die east. 

For great accuracy an allowance should be made for refraction, 
and also the sun's right ascension should be computed for the time 
of rising.. Therefore when the time is found with the sun's right 
ascension at noon, the sun's right ascension should be computed 
for the time of rising, found nearly, and then the operation re- 
peated. 

Memark. -tt~ reduced to the solar time by diminishing it in 

proportion in the ratio of 365 : 366 will give the interval between 
the rising of the star and its passage over the meridian. Hence if 
its passage over the meridian be known, its tiine of rising will be 
known. The times of the passages of the planets over the meri- 
dian of Gr«nwich, and the declinations, are given in the Nautical 
Almanac, therefore the times of rising or setting, may in this manner 
be found nearly. 

Prop. VII. To Jind the time of the riting of the moon on a 
ffiven day. 

The right ascensions and declinations of the moon are given in 
the Nautical Almanac for noon and midnight at Greenwich, and 
therefore may be found by proportion for any given place. If we 
knew the right ascension and declination of tbe moon at rising, 
the problem would be solved exactly the same as the last problem. 
But we cannot exactly know the right ascension and declination of I 
tbe mooD at its rising without knowing the time of rising. This is | 
tbe inconvenient circumstance in this problem. But the difficulty I 
is obviated by using the right ascension and declination at the noon 
fa tbe midnight at Greenwich nearest the time of rising, and then 
finding tiie time of rising, as for a star (Prop. 6.) With this time 
find, by the help of the difference of longitude, the corresponding 
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time at Greenwich, and thence the right ascension and declination 
of the moon. With these find the time of rising more accurately. 
In like manner a third operation might be used, but this will 
scarcely be necessary. 

The horizontal parallax of the moon being always greater than 
the horizontal refraction, the rising of the moon is retarded. The 
computation of the quantity will be shewn in a subsequent pro- 
blem, 

/ff^xJ^ Prop. VIII. To find when a star rises heliacally (art, 327.) 
_/ A star of the first magnitude rises heliacally, or first becomes 
visible after having been obscured by the solar rays, when the sun 
is about IS' below the horizon. 

Let F (fig. 53) be the star rising ; DA the right ascension of 
the star, A Wng the first point of aries ; AXL, the ecliptic ; and 
the arc KL perp. to the horizon = 12°. 

Then L is the place of the sun, when the star rises heliacally. 
From the right angled triangle CED by circular parts. 

SinCDistanlat.tandecl. Hence, from the right ascension of 
the star, AD, AC is known in the triangle ACX, and also the adja- 
cent angles A and C are known. 

By Napier's Analogies* 

co8j(C + A):cosi(C— A)::tani(AC) : tanj(AX4.CX). 

sin}(C + A) ;Bmi(C— A) : : tani(AO : tan J(AX— CX). 

Hence AX is known, and therefore the angle X is easily found. 

. Y^ sinKL(12») 

smXL= :— ^^ — ■'. 

amX 

Whence AL the sun's longitude is known, and therefore the 

day when the heliacal rising takes place. 

I To investigate the heliacal rising of a star 2000 years ago, we 
must decrease the present longitude of the star by 2000 y. 50', t =: 
28° nearly. Then with the longitude and latitude of the star, and 

■ Luby'a Trig, art 1S7, p. 83. 
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obliquity of the ecliptic, compute the right ascenaion and dec]ina-\ 
tion,' and then ag above find the bud's longitude at the heliacal | 
rising ; it will be sufficiently exact to find hy common proportion 1 
the number of days frcan the equinox from the longitude of the sun I 
thus found, taMng Qff.B' for the motion in 24 hours.** I 

Prop. DC. To find the sun's declination when the twilight is v 
shortest in a given latitude. 

Let Rr [fig. 54. I) represent a parallel circle 18" below the ho- 
rizon HO (art. 52). KNTYL a great circle touching Er in T and 
intersecUng the equator EQ so that the angle Y = HCE (the co- 
latitude). Draw any parallel of the equator MNS. When the sun 
is in this parallel the arch MN is described in the same time, as 
tiie arch CY when the sun is in the equator. For let the arches 
MW and NX be perpendicult^ to the equator, then the right uigled 
triangles MWC and NXY will be equal, and WC = XY, conse- 
quently WX ~ C Y. Therefore since MN and WX are described 
in equal times, MN and CY will be described in equal times. 
Hence the portion AT of a parallel of the equator between the 
horizon and its parallel Rr is described in less time than the ptv- 
tion of any oUier parallel to the equator between the same circles, 
because the time of describing AT = the time of describing CY = 
the time of describing MN, less tht^ the time of describing MS. 
Hence the twilight is shortest when the sun describes the parallel 
AT, that is, when the sun's declination is TI, 

Now, because KTL touches Br, the vertical circle ZFT is at 
right angles to KTL. Hence in the right angled triangles CFB and 
BTY, the vertical angles are equal and C = Y, therefore these 
triangles are equal, TB = BF and each =9°. Also DF at right 
angles to £Q = TI the declination. Hence if we conceive the cir- 



* ConTerse of prop. 4. 

^ The latitude of the iter and obliquity of the ecliptic ihould also be reduced to 
what they were 2000 ycRTS ago, but t)ila degree of accurney would be quite unne- 
ceuary, in regard to uiy uk that coold be made of the remit 
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cles of the sphere projected perpendicularly on the plane of the 
meridian, and FCr be drawn perpmdicular to HO, and to meet £Q 
in G, FG will be the tangent of FB, and FD = the sine of the 
declination, and DGF = the latitude. Therefore by plane trigo- 
nometry 

rad : sin CGF : : FG : FD, or 
rad : sin lat : : tan 9* : sin declination, 
when the twilight is shortest 

This Prop, may be resolved in somewhat a more general form, 
as follows :— 

To find the declination of the sun or star, when the time 
of change from a given altitude A to a ffiwn altltttde S is the 
shortest possible. 

In fig. 54. 2, L and M are the places of the object when the 
angle LPM is the least possible, the given zenith distances being LZ 
and ZU. Considering the triangles ZLPand ZMP, and the difieren- 
tial triangles that may be formed at L and M, it readily appears that 
the angles ZLP and ZMP are equal, and thence that MZP and LZP 
are the supplements of each other, as their sines are equal. Their sines 
are equal because the sides LP and MP are equal, and the side ZP 
common to the two triangles. The same may also be readily de- 
duced as follows, but not so simply as by the difierential triangles. 
Indeed this is an example, among many others, of the extreme faci- 
lity of obtaining results by differential triangles as compared with 
the manner of obttuning the same by trigonometricd formulee. ■ 
By trigonometry 

cos ZM rs cos ZPM . sin ZP . sin PM -I- cos ZP . cos PM. 

And since ZM and ZP are constant, the difierential equation is 

=— sinZPM.sinZP.sinPM.tf.ZPM + cosZPM.sinZP. 
cooPM.rf.PM— cosZP.sinPM.rf.PM. 
therefore 

rf.ZPM _ cosZPM.8inZP.coaPM— cosZF.sinPM 
rf.PM ~ sin ZPM . sin ZP . sin PM 
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coeZMP.ainZM 

sinZPM.sinZP.BmPM 

coBZMP.smZP.sinZM 

n ZMP . sin ZP . Bin ZM . Bin PM 



" tonZMP.sinPM" 
Also for the same reason 

rf.ZPL 1 



rf.PL ~ tanZLP.sinPU 
Now LPif is a minimum, and therefore 

d. LPM=: d. ZPM— d. ZPL = 0, 

■ ThU iminediatel; ^pears fram the differentiil triangles, but CTen tbe conn- ' 
deralloD of thia eipiei^on ia uuneceaurf, as I1ie equalil; of the diSerentinl Imn- 
glea at L and M ii at ance eeen. 

Note by lAe EdUer, — The prop, in its general stale may be aolved very Blmplytt 
aa follow!. Let tbe abject aross on the parallal bm, Sg. S4. 3. then the an^e 11 
ntPb il to be antn. Make xPi on the sphere's autface equal to mP b, and 
P(=:I]|Kand draw the arc of a great circle Z>, and Join tn. Then lince ZPU 
Donatant, and the angle ZFi a Bin. the arc Zt must be a mn., but the spheiical 
triangles tPZ, nP> being obviously in every respeet equal, we have im^Zb, 
and therefore given. Hence in the ipberical triangle tnZ, the two side* tm, nZ 
are given, and Ihe third ude to be s n(n. This will obviansly be the ease when 
ta, »Z coincide. The object muit conaequently describe such a parallel nv, that 
Zn, (H may coincide. 

We may from thia readily compute as fiillows : — let fall the perpendicular Pi, 
then XII is obviouily halfthe sum, andiZ half the diOeience of the given zenith 
distances, which we shall call t and «'. Frani the right angled triangles iFZ, 
■ Fn, we have 

cosPZ _ p _ eoa P" 

<^i {'-'■) - ™ ^' - ^s^+*r 

.i„decL=.inlat.X^^J|^J. \\ 

For shortest twilight k = 108* Bndit' = 90'', hence cesKi+«')=— "■"**■ 

andcaa)(i— t')=eoa9°, Iherefote, &e. 

This mode of solution exempUBes the advantage oC diicuning by ^hericaj 

geometry, previous to converting a question into formulis. 
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ord.ZPM=:rf.ZPL, also PM = PL, andrf.PMsrf.PL; conae- 
quently, tan ZMP = tan ZLP, and these angles are equal. 
Hence 

. „„„ sinZMP.sinMP sinZLP.sinLP_ . ,„„ 

sinMZP= :— ^D = =~^D = smliiP^ 

sidZP sin All' 

Therefore one of these angles must be the supplement to the other, 

and consequently LZC = CZM. 

Conceive the circles of the sphere orthographically projected 

on the plane of the meridian. Then LKssinLZ.sinLZK, and 

IMssinMZ.sinlZM. 

IK.LK ,. ,_„ T„-,.cosLZ— cosZM 

^•^ ''^=LK + IM = '"'"^^^^ = ^^"-' sicLZ + BiiiZM - 

sinLZ = tani (ZM— LZ) . sinLZ. And OC = KC— 0K = coaLZ 

— ton^IZM— LZ).sinLZ, and then OG (the sine of declination) 

= 0C.8inlat 
/ For the shortest twilight LZ = 90° and ZM=:108°, hence 
I 0C=: — tan9'', and therefore slndeclsouth = 9inlattan9°. 

Prop. X. Tojind mhen Venus is brightest. 

Let S, T and V, (fig. 55,) be the Sun, the Earth, and Venus 
when brightest. Let TV also meet the orbit of Venus, supposed 
circular, in H, and join S, H, and S, V. The brightness of Venus 
varies aa the versed sine of the exterior angle directly, (art. 119,) \.o---r'IIO) 
and as the square of the distance from the earth inversely. For 
the density of light decreases as the square of the distance from 
the radiating body increases. 

Hence when Venus is brightest — =^j — is a maximum, and 

therefore vsinSHV X TH' is a maximum, because TH X TV is 
constant, and therefore TH varies inversely as TV. 

Let TH=ra;, ST = 1 and SH=m. Then by plane trigono- 
metry,* 

m^ + a;*— 2M3f.co8SHT = l. 
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and because v . sin SHT = 1 — cos SHT, 
it follows that v. am SHT = 



2mx 

Therefore — X ^ is a max. 

or X — m'x — ai* + 2Ma;'.is a max. 
Hence by the principles of the diff. calc. 

l_m'— 33;' + 4ff(a!=0, 
. Amx 1— m> 

",^-~=-3-.- 

This equation gives 

.r = -s-±i*'^3 + fw* . The upper sign can only be used, be- ■ 

cause v'3 + wt'is always greater than 2m. 

By this value of ^ the angle STV will be found about 40° /or 
Venus (art. 110), and the point V of greatest bri^tness lies be- 
tween inferior conjunction and greatest elongation. If the distance J 

of Venus from the sui 

be at the greatest elongation, for then x= -p^ 

Prop. XI, To Jind rehen a planet appears stationca^. 

Let S (fig. 96) represent the sun ; T and .P the earth and 
planet respectively, their orbits being supposed circular. 

When F and T are stationary with re^ct to eadi other, the 
line TP moves parallel to itself, and the angles T and P only vary 
by the apparent motions of the sun, as seen from the earth and 
planet: which motions are equal to the angular motions of the 
earth and planet as seen from the sun. 

Now the angular motions of the planets about the sun are to 
each other inversely as their periodic times; and by Kepler's law, 
the squares of the periodic times are as the cubes of the distances ; 
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260 APPENDIX. 

hence the Bquares of the angular vdocitiea of the planets are in- 
versely as the cubes of their diBtonces. 

Let t=T, p=P, »- = ST, and r'=SP, f= a. small variation 
in T, and ;>'= a correBpoading small variation in P. 

(1) By trig. ram(=r'Biii/», 

(2) aiid»-sra((-|-0=''wn(p+y)- 
By equat. (2) 

ramt.coti -{■ rcott.nmt'=T'mip.coBpf+ r'ctMp.amp'. 
f k 7 Sincuk and ^ are to be supposed indefinitely small, we may sub- 
stitute l=co><'and/' = sinf, fitc Therefcve rsinf-l-A'. cost = 
*'. siny -I- f'.j/coBp. 

(3) Hence by equat (1) rf. 008;=/. ^coa/». 

But as was shewn above, however small f and j/ are 
t^:p^::T^:f' 
By squaring equat. (3), and substituting from this proportion 
r*. co8*<=r. cos'p, 
orr'(l — sin»/)=r(l — sin'^). H^ce, byequat (I), 
r'{l — sin'^=r(l — -T^sin'^}. 
Whence- is easily deduced 



T"—r r' + rr' + f' 

and therefore t is known. 

This solution,* it is evident, answers both for a superior and 
an inferior planet 

Preblemt in trhieh ^pprowimations are used. 
In many of the more useful investigations in astronomy, it is 



sufficient to make use of approximate solutions, as, for im 

in those for finding the effects of the precession of the equinoxes 

in right ascension and decUoation ; for the e^cts of the aberration 

• For a differeRt »oIutiOT *t (hi) Prop, see Luby's Tiig. clisp. 4, psrt H, 



byGoogIc 



APPENDIX. iol 

of light in right ascension and declination ; for the effects of pa- 
rallax in latitude and lon^tude ; and for a great variety of other 
problems, of which instances are to be found in every part of 
astronomy. These solutions, although only approximate, admit of 
all the accuracy that is necessary, and in general are obtained 
with much greater facility than exact solutions could be. In these 
solutions it often happens that we substitute the sine instead of the 
arc, radius instead of the cosine, the tangent instead of the arc, 
and conversely. It is therefore of some importance to know the 
limits of Ae differences of these quantities. Let as an arc, «= 
its sine, 0= its cosine, and ^= its tangent, radius being iml^ : 
then 

»-a— =■+ &c.' 

0=1—2'+ *""■ 

*-«+ J+&C. 

Hence a small arc exceeds its sine by -^ nearly, 

the radius exceeds the cosine by -^ nearly, 

and the tangent exceeds ito arc by -^ nearly. 

From whence by the trigonometrical tables it will easily be 
found that the difference between the arch of 1 ".46* and its sine ia 
only 1", and therefore in many cases one may be safely substituted 
for the other. The difference between the tangent 53* and the arc 
ia only 1". 

It is often of use in these problems to reduce a sm^l arc, sine, 

* Tbeae eipmiioDS ue easily proved b; (he diE calc, and aoiiie irritGra hsTS 
proved them by principles purely triganometricRL See Luby's Trig. chap. 1. 
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&c. expressed in decimala of the radius (unity) to seconds, and the 
contraiy. Which may be done as follows, let a=aFc in decimals 

' of the radius, a= the seconds in the arc, then aa the sine of I* and 

: die ate of I* are nearly equal, we have 

uul": 1*:: o: . .. = «■ Hence also a = a. sin I". 

Prop. XII. To Jind how mucA the time of riting of the sun 
or a Btar it advanced by reaction. 

Let KS (fig. 57) represent put of die sun's parallel of declina- 
tioD, R the true place of the sun, when it appears rising at D. 
Then the time of rising is advanced by the angle SFB, the mea- 
sure of which ia the arc of the equator HL; and also the arc DR 
= the horizontal refraction. 

The amall triangle SHD may be considered as a plane triangle 

BD : SR ; ; BinRSD=cOBPSQ t rad. 
SR ; HL : : rad parallel : rad equat : : sin SP: rad. 
therefore BD : HL : : cos PSQ X sin SP : rad', 
RD 



rHL=- 



iPSQXsinSP.(eosdecl)' 



ButsinPSQ=?^^= "°'''*„ and therefore the cos PSQ is 
sin PS cos dec! 

known, and consequently HL, which, divided by 15, gives the 

time required. 

A somewhat more simple solution may be deduced from the 

above. 



=1 — 



sin' PQ _ sin'PS— sin'PQ 
sin' PS ~ sin'PS 



sin(PS + PQ)x6in(PS— PQ) , 
sin'PS 



' Trig. p. 23, formula 34. 
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therefore HL = 



and 



HL , 



- (time} = 



RD(1980 'j 

v'tsin (PS+PQ) X Bio (PS— PQ) )' 
132" 



" v'(cos [lat — dec!) X cob (lat + decl) )' 
See remarks on tliis problem in Lalande'a Astr. 3d edition, vol. I 

3, art. 4028. Cagnoli Trig. p. 368. 

Cor. 1 . If BD be takea equal to the diameter of the aun, the 1 

time tbe eun takes in rising will be hod. 

Cor. 2. If BD be taken equal to the diflference between t 

horizontal parallax of the moon and the horizontal refraction, the 

time will be had of th^ retardation of the moon in rising. 

Prop. XIII. Given the error in altitttde, or in zenith die- O 
tance, to Jind the error in time. 

Let rZ [fig. 58] be the observed zenith distance, and Zs the 
true z^th distance, rP=:«F the polar distance. Join r«, and 
draw rn a portion of a parallel to the horizon. Then an^ error 
in zenith distf^ice, and r P » = the error in the hour angle. 
gni gr: : sin«rK=:sin ZrP: rad. 
sr-.rPst: ain^-P: rad. 
hence a«:fP«;:sinrZPX8in/'P; rad". 

But8inZrPXsinrP=8inrZPXsinZP. 



hence the error in time 



ISsinrZPXsi 

in alt. 



iZP" 



ISsinazun. Xcoslat' 
Otherwise lhus:—Sy spher, trig. art. (106), p. (67). 
cosrZ = sinZP.8inrP.cosZPr + co3ZP.cosrP. 
Hence 

8inrZ.rf.rZ=sinZP.8in»-P.8inZPr.rf.ZP/- 
= sinZP.8inrZ.sinrZP.rf.ZPr 
Conaequenlly 
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""■^'-.iaZP.mrZP' 
or, as above, " 

error in alt. 

eiTor in time ^n^—. tt . 

Idsinaz. costat. 

Cor. In a given lat. the error in time is least when the sine of 

the azimuth is greatest, that is, when the azimuth is 90", or when 

the body is in the prime vertical. Hence for finding the apparent 

time (iut. 301) the observation should be made on or near the 

I prime vertical. 

- Prop. XIV. To find when t?ie part of the equation of time, 

which arises fi-om the obliquity of the eclyftic to the equator, is 



If the sun moved equably in the ecliptic, the difl%rence between 
its longitude (AL) (fig. 59) and the right ascension (AR) would be 
the equation of time. The longitude and right ascension are equal 
at the equinox and also at the solstice : and stmewhere betneen, 
the difference is a maximum. It h evident the maximum will be 
when the difference ceases to increase, that is, when the increase 
of AL5= the increase of AR. 

Draw the circle of declination Irvery near LR and meeting LR 
produced in the pole P. 

Draw also Iv a parallel of the equator. Then 
Ll:lv::md: sinALR. 
/«): Br :: sinPs: rad. The sine Pc=cosLR nearly. 
Hence 

LliRrt: cosLR : smALR= ''°''^fi^ 
cosliK 

Therefore L/: Rr:: cos'LR : cosAXrad.* 
Hence when the equation is a maximum, 
cos' LR = cos A X rad 
or cos ' decl ^ cos ob. eel. 
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OtherwUe thus -. — The difference of AR and AL is a ntax. 
therefore, d.Ah~d.AR~0. Now ton AR sicosA. tan AL, 
hence 

rf.AR _ coBA.rf .AL 
cob'AR"" cob'AL 
Hence, since (^. AXi = (2.AR, we have 

cob' AL= cosA.cos'AR. 
But 

COB 'LR . cos ' AR = coa ' AL. 
Hence 

co8'LB=cosA, as above. 

Prop. XV, To deduce the sun's change in declinatum near A 
the sohtice. 

LetO=ob.ecl. 

S=Bun'B distance from the solstice in Beconds, 
x^ change in declination. 
By circular parts 

sin ob. eel X sin long =^ ain decl, 
or, Bin X cos S = sin (O — ar) ^ainO, coa* — cosO.sind;, (261), 
C03S=1 — jS'sinT; siQ« = dr.sinl', and because x is very 
small compared with S, cobjZ'sI. 
Hence by substitutions 

JS"ain'l'.8inO=a^8inF. cosO, 
ora:=:iS'sinl".taiiO=,000001052S'. 

If D = sun'fl distance from solstice in degrees, xf— 13, 63 D% 
X wiU thus be had sufficiently exact for several days before and 
after the soletice, (see art. WH/^^) 

Prop. XVI. To deduce the change of altitude of the tun or /' 
a etajr, when near the meridian, in a given time. 

Let^ = SP the polar distance of the object (fig. 60), c = ZP 
the co-latitude, and )»+dr=ZS the zenith distance, m being the ze- 
nith distance when on the meridian, and x =the change required. 
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(1).. By trig. cm(»i + it) seotp . cote + »mjf , ainc .coaf, 

(2)..cos(fn4-2]=cosm — sindi.unm, because 
X being supposed very amall cqbx = 1 nearly. 

(3) . . cos m ^ COB ( Jt — «] B3 cos^ . CM c + sin^ . sin f . 

Hence equating the second members of (1), (2), and aubstitut- 
ing for cos m as in (3) , 

., , oinp.sincll— cosP) 
there results sina;= — ^ ■ ■ , ' r ', 

Bin ip—c) 

But 1— coaP=2.sin*}P, 
Bndsind!=d;Binl" [page 261.) 

,, 2sinp.sinr.Bin°iP 

Hence s (in seconds) = — -. — -, ; — :— r,— 

9ia{p — c).aiDl 

2cOBD.coaL.sin'^P 
~ sin m. sin 1' 

Where D and L = the declination and latitude respectively, 
and P= the time from the meridian reduced into apace. 

When L and D are nearly equal, and of the same kind, this 
expression can only be used at a very small distance of time trora 
tlie meridian. 

This problem is of much importance, when meridional alti- 
tudes are taken by the repeating circle. 

n Prop. XVII. To investigate nearly the quantity and lare of 
atmoapherical rejfaction. 

Let LI (fig. 61) be a ray of light falling on the atmosphere at 
I, and refracted in the curvilineal course IS. The object appears 
to a spectator at S in the direction ST, a tangent to the curve, and 
VST is the apparent zenith distance. 

The space in the figure between the concentric circles represents 
all the atmosphere, which has any effect on the ray of light, so 
that the light may be considered as passing out of a vacuum into 
this space. 

If the surface of the earth were a plane, the different strata of 
air might be considered as parallel thereto, and by the principles 
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of optics, the refraction would be the same as would take place 
were the ray of tight to pass from a vacuum into air of the same 
density as that at the surface. It is therefore evident that if we 
take into account the spherical form of the earth and atmosphere, 
the error resulting from the supposition of an uniform atmosphere 
will, necessarily, be very small cinnpared with the change occa- 
sioned by considering the atmosphere spherical, provided that 
change be small. 

Let m : 1 : : sin of incidence ; sin of refraction, when a ray of 
light passes from a vacuum into air of the density of that at the 
surface of the earth. Suppose all the air contracted into an uni- 
form atmosphere, then SI is a right line. LetHIL^t, SIC=r. 
VSI=.£, SC=:a, the height of the uniform atmosphere = ^, or 
Cl=a+l. 

a + l:a: :Bin«:sinr 



„ . . m.a.ainz , ■ /, ^\ , 

Hence smtsB — ; — =tn. sms. I 1 J nearly, 

a+ 1 \ aj 

a. sins ■ /, '\ 1 
sinr:= ;-=:sm2:. 1 — - I neu'ly. 

Let i=r + a, then S is the quantity of refraction, sin (»'+^) 
^sini. 

or because £ is small, sinr-|-coar.Binii^siDt, 
or sinr-f jS.siiil".cosr^sint, 
Bubstitutiug in this equation for sinr and sin i as above, also for 



, y'(l-.in-*.(l-i)') = y'(c<».;s+l' 

i: . (1 + - , tan •« } nearly, we obtain 

. . . (m— Ij.sin^.fl—- ^^ 
_ s^n^ — sm>' _ \ aJ 

"sinr'.cosr" . ,,, f, . ^ ^ . \ 

ami .cos£. [ 1 + -.tan'* 1 



sin*« 1 
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Hence by actually dividing 

J= "~. ■■ jtan* . (taa« + tan*«) &c. J 

m—l ^ m — l I , , 

= ■ ... .fama^— — : — rrr,-.tana;.Bec'« nearly. 

ami" flinr a ■' 

Takings ^80°, ^=5, and a^4000 milcB, the second term 
(arising from the spherical figure of the atmosphere) =10' nearly. 
If a were infinite, that is if the surface of the earth were a plane, 
this second term would vanish. Hence we may safely conclude, 
that as far as 80° zenith distance, the error arising from supposiBg 
the atmosphere of uniform density must be much less than lO*, and 
that consequently the above expression gives the refraction as far 
as 80° from the zenith with sufficient accuracy. If we neglect the 
' second term, the retraction will vary as the tangent of the zenith 
\ distance. 

The exact experiments of MM. Biot and Arago have deter- 
mined the value of m — 1 ^, 0002946 when the barometer is at 
29,93 in (Metre) and Fw. Therm, at 32°. From their experiments 
and the law of expansion of tdr it may be inferred that 
m—l 1,0375 6 „„ „„ , , 

-^V^ 1 + ,002083 (f- 32) ^ 29;^ '< ^' ' ^^ '"^^^' "''^ * " 
height of the barometer, and t that of Fu'enheit's thermometer. 

When (=50* and fi=: 29,60 inches, thb expression gives 

— :— -^=: 57'',82, a result independent on Astronomical observations. 

The French tables of refraction, by Delambre, founded on 
astronomical observations, give 



By upwurds of 500 observations made by myself with the eight feet 
astronomical circle. 
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= 57 ',56. 



m — l _ 
Bin 1" " 

The above value oi R\b quite exact enough for all obBervatlons 
as far as 80° from the zenith. 

From about 80° to the horlzOQ the changes of refractions are 
BO uncertain that observations are useless for the nicer purpoaea of 
astronomy. 

The following tables will be found very convenient for com- 
puting the quantity of refraction for all the zenith distances not 
greater than 80". For the particulars of the construction of these 
tables, and for several investigations relative to astronomical re- 
fractions, references may be had to the 12th volume of the Trans- 
actions of the Royal Irish Academy ; in which I have deduced the 
above expressions for refraction, independent of any hypothesis 
relative to the variations of density in the atmosphere. 

By help of Table I. the first term of It is obtained. The second 
table gives the second term of iZ, which near 80' has been slightly 
modified. 
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TABLES FOR REFRACTION. 

Table I. . 



Far. 
Therm. 


Loga- 
rithms. 


Far. 
Therm. 


W 
nthmB. 


Fm. 
Therm. 


W 
ntfams. 


iO 
11 

12 


0.3283 
0.3273 
0.3263 


34 
36 


0.3048 
0.3039 
0.3030 


58 
59 
60 


0.2827 

0.2818 
0.2809 


13 
14 
15 


0.3253 
0.3243 
0.3233 


37 

38 


0.3020 
0.3011 
0.3001 


61 
62 
63 


0.2800 
0.2791 

0.2782 


16 
17 

18 


0.3223 
0.3213 
0.3203 


40 
41 
42 


0.2992 
0.2983 
0.2974 


64 
65 
66 


0.2773 
0.2764 
0.2755 


19 
20 
21 


0.3193 
0.3183 
0.3173 


43 
44 
45 


0.2965 
0.2956 
0.2946 


67 

68 
69 


0.2746 
0.2737 
0.2728 


22 
23 
24 


0.3163 
0.3154 
0.3144 


46 
47 

48 


0.2937 

0.2928 
0.2919 


70 
71 

72 


0.2720 
0.2711 
0.2703 


25 
26 
27 


0.3134 
0.3124 
0.3114 


49 
50 
51 


0.2910 
0.2900 
0.2891 


73 

74 
75 


0.2694 
0.2685 

0.2677 


28 
29 
30 


0.3105 
0.3095 

0.3086 


52 
53 
54 


0.2881 
0.2872 
0.2863 


76 

77 
78 


0.2668 
0.2660 
0.2652 


31 
32 
33 


0.3076 
0.3067 

0.3058 


55 
56 
57 


0.2854 
0.2845 
0.2836 


79 
80 
81 


0.2644 
0.2636 
0.2627 



Logarithm in Table I. + log barom. -)- log tan zenith dis- 
tance =s log approximate refraction. 
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Table II.— BAROMETER. 



Z.D. 


28,50 


29,00 


29,50 


30,00 


30,50 


80 


10,5 


10,7 


10,9 


11,1 


11,4 


79 


8,1 


8,3 


8,5 


8,5 


8,9 


78 


6,3 


6,4 


6,6 


6,7 


6.9 


77 


5,1 


5,2 


5,3 


3.5 


5,6 


76 


4,1 


4,2 


4,3 


4,4 


4,5 


75 


3,4 


3,4 


3,6 


3,6 


3,7 


74 


3,0 


3,0 


3,1 


3,1 


3,2 


73 


2,5 


2,4 


2,6 


2,6 


2,6 


72 


2,1 


2,1 


2,2 


2,2 


2,2 


71 


1.8 


1,8 


1,9 


1.9 


1.9 


70 


1,5 


1,5 


1,5 


1.6 


1.6 


69 


1,3 


1,3 


1.3 


1.4 


'.4 


68 


1,2 


1,2 


1,2 


1.2 


1.2 


67 


1,0 








1.0 


66 


0,9 








0.9 


65 


0,8 








0.8 


64 


0,7 








0,7 


63 


0,6 








0,6 


62 


0,6 








0,6 


61 


0,5 








0,5 


60 


0,6 








0,5 


58 


0,4 








0,4 


56 


0,3 








0,3 


54 


0,3 








0,3 


52 


0,2 








0,2 


50 


0,2 








0.2 


45 


0,2 








0.2 


49 


0,1 








0.1 


30 


0,0 








0,0 





0,0 








0,0 



Appr. ref— Number Table II. = refraction. 

Example. Zenith die 71 " 26*, barom. 29,76 inches, and ther. 43°. 
LogTab.I..... 0.2965 Appr. ref. I75",4 

Logbarom 1.4736 Tab. II. 2,0 

Logten71°.26 10.4738 

Log.appr. ref. 175",4 2.2439 



Ref. 



173,4 =2'.53',4. 
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272 APPENDIX. 

I Prop. XVni. Fromffieen tmatl varioHont in the longitude 
of a celestial object, and in the obliquity of the ecKptie, to de- 
duce the variationg of the right ateenaion and nofth polar 
distance. 

I. For the effects of the variatjon in longitude. Let P [fig. 62. 
1) be the pole of the ecliptic, N that of the equator, and F the 
fixed star or other object. Let FPII= the increase of longitude, 
the distance PM from the pole of the ecliptic remaining the same. 
Then FNM is the increase in right ascension, and drawing MR 
parallel to the equator, PR ia the decrease of nortii polar distance. 
FNM : RM : : rad : sin MN 
RM : FM : : sinRFM = co>PMN : rad 
rM:FPM::sinPM:rad. 

„ _„„ FPM.sinPM.cosPMN ,, ■ ™ ■ 

Hence FNM = ;- .„. , (because sm PM. sin 

sinMN 

PMNssinPNM.sinPN) 

FPM . sin PNM . sin PN . cot PMN 



sinMN 
Ry spherical trigonometry". 

sinPNM.cotPMNsscotPN.sinNM— coaPNM.cosNM. 
Hence by snbstituticHi 

FNM = FPM.(cogPN— sinPN.cosPNM.cotNM). (a) 
Also FR = FM . sin FMR = FM . sin PMN 

=:FPM.sinPM.sinPMN = FPM.ainPN.sinPNM. (6) 
2. For the effects of the variation in the obliquity of the eclip- 
tic. Let AP, P8 (fig. 62, 2) repreaent the right ascension and de- 
clination of the point S, and AQ, QS the right ascension and decU* 
nation when the obliquity of the ecliptic is changed by the angle 
PAQ. Then when thia angle is very small, PR!= the change of 
north polai distance nearly, and RQ = the change of right ascen- 
sion nearly. 
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sinRP: ainA: : sinAP; sinARP, 
or RP = A . sin !• . ascenBioh nearly. {c) 

Also cotARtanRP=cosABP=tanRQ.cotSR, hence RQ=: 
RP.cotAR.tanSR, 

BndRQ= A,co8(rt.aso.).cot[north polar distance). [d] 

Aj^liccUum of the preceding Pr<^. 

The above propoBition enables us to deduce the apparent right 
ascension and north polar distance from the mean, as affected by 
precession, lunar nutation and solar nutation. 

The actiona of the sun and moon causing* a change of place of 
the intersections of the ecUptic and equator, the longitude of each 
object is changed by the same quantity. The same action also 
occasions the obliquity of the ecliptic to be variable. The action 
of the planets also changes the plane of the earth'p orbit, and 
therefore the intersections and inclination of the ecUptic and 
equator. 

Let L= the mean longitude of a star in the banning of 
1820. Then for the time 1820 + t, t being taken negatively or 
positively, 

&:pf.\oa%=l,-\-5fy",\9.t — 17",30. sin long J 'anode +0",21'. 
cosSlong ^'snode — I",25.sin21ong0 — 0",21.sin21ongii . [e) 

App. obliq. of eel. (0), for 1820 + t = 23" 27 47"— 0",45. t + 
9".25. cos long Ji'snode — 0",09. sia21ong ]) 's node-)- 0",54. cos 
21ong®+0",09.cos21ong J . . . .. [/) 

The form of these quantities has been obtained by investiga- 
tions in physical astronomy, the haget coefficients and 0",i5 have 
been obtained by observation. 

In t]ie above the term 50", 19^ increased by 0", 13^ serves for 
determining what is usually called the effect o£ preoesrion in 
rigiht eueension laid north polar distance. When so increased it 
is the mean effect (luni-solu') of the sun and moon. The part 0", 
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I3t is occasioned by the action of th^ pknets, and diminiBhes the 
effect of the actions of the sun and moon. This afiecting only the 
ecliptic, doea not affect the north polar distance. 

The terms depending on the longitude of the moon's node serve 
for determining the ^fect of what has been called the lunar nuta- 
tion. The terms depending on the longitude of the sun serre for 
detennining what has been called the solar nutation. The terms 
depending on twice the longitude of the moon, uid twice the longi- 
tude of the ran, are too small to be noticed, except in the nicest 
researches. 

I. Preeeasion in right atcention (iV), and north polar Stance 
(NPD). 

Taking the angle FNM (the change of longitude in the preced- 
hig problem r= 50", 32 1, t not exceeding a few years, by equa- 
tion {a). 

The luni-aolaj precession in right ascensions 

50", 32 < . (cos O -I- sin . sin A . cot NPD) =r 
46% 1 8 ( + 20", 04 ( . sin A . cot NPD, 
from which subtractang 0", 13 1, the genial precession in right 
ascension will be had. 

By equation [b) tfae precession in NPD s 

— 50",33/.8inO.coaA = — 20*,04(.cosA. 

Cor. I. The precessiou in right ascension will be subtractive, 
whensinA.cotNPD is negative and greater than cot 0, which can 
never happen hut when cot NPD is greater than cot 0. Therefore 
the right ascension of every star, the polar distance of whidi is 
greater than 23* 26', is always increased by precesBion. 

Cor. 2. Precession affects equally the nort^ polar distance of 
every star having the same right ascension. 

IL Lunar nutation m rjffht ateenaion and north polar 
distance. 

Let the angle FNM=:— 17",30.sinN, Nbeing the longitude 
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of the nioon*B node, Imd the change of obliquity =9, 25. cos N, 
See equations [e] and (/). Then by equations [a], (d). 
Nutation in right ascension = 

— 17'',30.sinN.(c08O+8inO.8inA.cotNPD), 
+9",25.cosN.co8A.cotNPD = 
— 15,87.ainN— [8".07.cos{A— N) + 1",18.cob{A+N)]. 

cotNPD. 
By equation (6) and {c]. 
The nutation in north polar distance sz 

I7",30.8inN.HinO.cosA— 9",25.coaN.9inA, 
— 8",07.Bin(A— N) — l",32.8in(A + N). 

III. Solar nutation in right ascension and north poiar 
distance. 

Let the angle FNM = l'',25.gin2S, S being the longitude of 
the sun, and the change of obliquity =:0,54.cos2S, trad we ob- 
tain by a process similar to that in II. 
Solar nutation in right ascension = 
— l",I5.ain2S— [0,51.cos(A— 2S)+0,02.cos(A + 2S)]. 
cotNPD. 
Solar notation in north polar distance = 

— 0', 51 . sin (A— 2 S) — 0", 02 . sin (A + 2S). 
The solar nutation has also been called the genii-annual equa- 
tion, because depending on twice the sun's longitude it goes 
through its period in half a year. 

Prop, XIX. To deduce the effect of the aberration of light 
on the riffht ascention and declination of a star. 

Let S {fig. 63) be the star ; KD the equator, N its pole ; MELH 
the ecliptic, and MS a great circle perpendicular to the circle of 
declination NSHD. 

Let L be the point of the celiac towards which the earth is 
moving, which is always 90° behind the place of the sun. Take 
t2 
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Sp » that sinS^ : sinSL : : vd. of earth: vel of light : : 8in20''J ; 
nd, or which comes to the lame, 

SiJ:20''J:;«nSL:r8d, 
then ^ 18 the apparent place of &e star as affected hy aberration 
(art 281 and 283). 

Draw pg parallel to the equator, and then S 9 == aberration in 
declination. Also ;<N;= aberration in right ascension. Let n 
= 20''J. 

1..^;: S^:: >inj>S>;: rad 

S^ ; R : : sin SL : rad 

ptig-.pq:: rad: sinN^, or sin NS sufficiently near. 

.. n.Bin;>So.8inSL n.sinH.sinLH , 

Hence i>N? = ^-^fs = ;— vio . <» ab"- 

smNS siqNS 

. . „ 20"i.sinH.BinLH 

ration m B. ascen. = — = r—, 

cosdecl. 

2 .. Aberration in decl.= S <;= S/> . cosi> S ; = ». sin SL. sin MSL 
= 20"^. sin M. sin ML. 

From the above expressions very convenient practical ftamulas 
may be deduced. 

As ' , , and n.sinM are constant for a given star, the 
cos decL " ' 

aberration in right ascension varies as the sine of LH, and the 
aberration in declination varies as the sine of LM. 

I. Let Ls the sun's longitude, then, because the aberration 
in right ascension (A) varies as sin LH = 

8in(EH— (L— 90')) = Bin(90' — (LwEH)) = 
cos(Lu£H], we may express it bj m. cos (Leo E), and supposing 
m positive, K = EH will be the sun's longitude when the aberra- 
tion is a maximum and positive. E and m may be found in the 
following manner : 

, tr,T^in tan ED tan A 

When L = 90°, the point L is in E. 
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Then m (cos 90— K) = m . sin K = ab. in H. a 
— 2Q"|.sinH.sinEH _ — 20"f g 
cos D ~ cos D 

— 20"i.BinA 






>sD.sinK ' 



It only remains to be known to what quadrant K 
tan K has the same sign as tan A. 

Because m is positive . must be negative, cos D being 

always positive. Therefore A and E must be in opposite semi' 
circles; and, their tangents having the same signs, they must be in 
opposite quadrants. 

2. Again, because the aberration in declination varias as sinML 
= sin (ME + L— 90) =cO8(180— ME— L), we may express it 
by m'. cos (LcoK'), and supposing m' positive, K'= 180" — ME 
will be the sun's longitude when the aberration is a maximum 
and positive. 

K' and m' are found in the following manner : 

tanK'=— tanME. 
By spherical triangle* PEM 

sinPE 
'""^^cltRdB + co.PE.co.g 
Therefore, because cot ? =— cotSPD . (=decl.) 

_ cos A 

'^"^'-cotD.sinO— sinA.cosO' 
Ai8osinM.BinME = sinPE.sinP = cosA.sinD. 

Therefore m' =: — -'. .,. . The quadrant to which 

sin K' ^ 

K' bdongs is thus determined, the sign of tan K' is known from its 
value above given. The sign of m being positive, cos A. sin D 
and sin K' must have different signs, but knowing the signs of tan- 
gent and sine of an wc the quadrant is known. 



■ CagnoU Trig. p. 270. Luby's Tcig. p. 73. art. 120. 
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The quantitiei m, m', K, X' bdtig constuit for the same star, 
render this a ybtj concise method of c<»nputation, when the aber- 
rations of the same star for several days are required, or when 
table* of the aherratioiis of a given star are required. 

Indeed m and m' are not strictly constant oa account of the 
variable velocity of the earth, hut the variation is so small that 
usually it is not considered. 

When a single place of a star is required, then general tables are 
more convenient" 

The three last problems containing the e&cts of refraction, 
precession, nutation solar and lunar, and aberration of light, are of 
constant use in practical astronomy. 

Prop. XX. Given the mean anomaly of a planet, to find 
tlte true anomaly. 

Jjtt the semiaxis major of the planet's orbit = 1 , its eccentri- 
city — e, m = the mean anomaly, z := the eccentric an<xnBly, aa.A 
^ = the true anomaly. 

Find the arc d, so that 

(l)..tan(2= T .tani.m, 

' ' I +tf " 

then Jim + rf =: eccentric anomaly nearly, (art. 233) for which sub- 
stitute^, andlet^-{-;e = £, the eccentric anomaly. 
Now by the same article 

(fig. 33) ACL [m) = ACI (p+£) + LCI. 
NowLC.arcLI = 2areaLCI=2areaSIC=SC.CI.BinICD, 
or 

Arc U = SC . sin ICD, 



A 



Therefore m ^p+X + ■ 



Bin(£+£)^ 
sin 1* ~ 



* WoodhouBe't Aitr. p. 466, Stz. Conn, des Temps. ISIO, p. 422 and 442. 
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i>+«-l — '■^——■+ex.coBPf because a; is small 

If, to adapt this expression to logarithms, we use the auxiliary 
arc b 

BO that e . cos ^ = cos ft, 
then l-^-e.co8p=z 1 + cobJ = 2co8'^J. 

*^ * Binl" 
Then OT = M'+ 2 a: . cos 'i ft. 
m—T/^ 

The eccentric anomaly (p-\-^) thus found will be sufficiently 
exact to give the true anomaly to less than a secoud for all the 
planets. And by repeating the process, using this last eccentric 
anomaly instead of ^, the eccentric anomaly will be obtained in 
the most eccentric orbits. To find the true anomaly, the following 
equation 'has long been used. 

{3)..tan'iy = [=|.tan'ia. 

The solution furnished by the equations (I), (2), [3), appears to 
be better adapted to practice, and it affords a more exact result 
than the solutions usually given of this problem. The particulars 
of this method of solving this important problem, and the practi- 
cal rule resulting, are stated in the Transactions of the Boyal Irish 
Academy, vol. ix. p. 143, &c. 

* Thii ma; be proved aa foUoirt : — Refeniogto fig. 33, we have e-j-coss^ 
SD = PS . c] ~ 

Hence cosx^Y~^ — ^* '""" siibtiacting each side of this equat from and 

adding It lo unity, and by divisitai there results ^— p- ^ ■• - X 7-j- '-■ 

Hence by Trig. p. 31, bum. S2, ne have taa<iy^T.^--.taa*)x. 
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Pnp.TiXl. Gieen the horiztmtal pioxdlax of ike moon and 
appm-ent aiiitUide, tojlnd the parallaa in altitude. 

2. Given the hor. parallax and true altitude of the moon, to 
find the parallax in altitude. 

3. From the apparent altitude and horizontal parallax, to 
find the apparent diameter of the moon. 

I. het the apparent zenith distance =£, the true zenith dist 

, =0, the parallel in alt =^, the horizontal parallax = A, SC=1, 

CL = <;(Ag.64). 

then sin VSL(2] : sinSLC {p)::d:l 

ainz 
or Bin^ =: — , 

when « = 90*, p~h, 

therefore then 8inh = -^ 
consequent] J sin p ^ sin h . sin s, 
or suflieiently near, p^h.aiaz. 

The equatorea) parallax, that is, the horizontal parallax at the 
equator, is given for noon and nudnight at Greenwich in the Nau- 
tical Almanac, and therefore the horizontal parallax may be found 
for any latitude by diminishing the horizontal parallax in propor- 
tion of the distance from the centre of the earth to the equatoreal 



2. Ab above, Bmp=:smh.amz:=aiak. a]n(v-\- p)=sijih. 
sinf.cos^-t- siuA. cosr.sin^. 



ah. cos» cos^ ~ 
From which may be found by a particular proceaa* 

HinA.sin?> , sin*A,sin2» , fsin'&.sinSv , . 

''=si^+ .i»2- +— igy— -+ '"• 

I 3. By what appears the most accurate result, the moon's dia- 
' AilroD. Delambre, (omc 1. p. 214. Trig, put II. ch. 4. 
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meter, as seen ttani the ceotre of the earth, i horizontal equatoreal' 
piirallax ; : 5455 : 10000. Let this ratio be expressed by the ratio 
of m: 1. 

The apparent diameter of the moon from S : apparent diameter 
from centre : : CL ; SL : : sin s : sin {»-—p)- If the horizontal 
equat. parallax be expressed by e, then the moon's apparent dia- 
meter as seen from the centre = me. 

Hence the app. diam, from S = . ", " r- 

*^*^ sm [z — p) 

Prop. XXII. Tojind the mtxm's parallax in longitude and 
latitude, having given the horizontal parallax. 

Let Z (fig. 65) be the zenith ; P the pole of the ecliptic; T the 
true place of the moon, and A its {^parent place in the same ver- 
tical circle ZTA. Then TPA is the parallax in longitude, and AQ 
is the parallax in latitude, QT being parallel to the ecliptic. 

FZ the distance of the pole of the ecliptic from the zenith, 
which is equal to the height of the nonagesim^ degree, and also 
the longitude of the zenith point, are found by Prop. 5. 

Hence ZPT, the difference between the true longitude of the 
moon and the longitude of the zenith point is known. Therefore 
in the triwigle ZPT are known ZP, PT, the distance of the moon 
from the pole of the ecliptic, and the included angle ZPT. Hence 
TZ, the lAie zenith distance of the moon, and ZTF may be com- 
puted. 

TZ ham found, TA the parallax in altitude will be found by 
the last p^lon. 

ThMJTn the triangle ATP are known TP, AT, and the mcluded 
angle ATP, hence "me side AP and the angle APT may be found; 

This solutioa of the problran has the advantage of being exact, 
and also of requiring the solution of two oblique angled triangles of 
exactly the same data. 

It Has the disadvantage of requiring seven places of logarithms. 

The parallaxes in longitude and latitude may be also found by 
approximate formulae, in the computation of which five places of 
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logarithmB are sufficient,' Bttt such fonnviee «r« in aacae respects 
inconveoieitt, uid perhaps on the whole have not much advantage 
/over the above. 

I The above U on the supposition that the earth is spherical. 
An allowanoe is made for its sphermdical figure, as Hayer first 
shewed, by simply dimimshing the latitude of the place by the 
I angle contained between a perpendicular to the surface and a line 
1 drawn from the place to the centre of the earth. This angle ia 
jeaaily computed, and is, taking the excess of the diameters ^i,, in 
Ithe lat. of Dublin = IC. 0". No other change is necessary than 
jusing the latitude thus diminished in computing the nonagesimal. 

Prop. XXIII. To find the longitude of a place by obterving 
the difference of the times of the transits of the moon artd a 
fixed star, th^ same ahseroations having been made at a place, 
the longitude of which is known, (art 310). 

As the observations rei^uire a transit iostnmient, and as the 
clock used with the transit instmment generally shews sidereal 
time, the difierence of tjmes is supposed to be sidereal time. 
/ If the moon did not move, the difierence of times of its transit, 
and of that of a fixed star would be the same at each place. The 
difierence of the difierences arises entirdy from^ and is equal to the 
increase (I) of the moon's right ascension in time, in the interval 
between the passages of the moon over the meridian of each place. 

Hence if we know the increase (N) of the moon's r^ht ascen- 
sion in one hour of sidereal time, 

N : I : : 1 A : X = the ai^le in time described by the western 
meridian in the interval of the passages of the moon = diff. of long. 

+1 

Hence diff, of long. =X — l = rj^— I. 
fiy the Nautical Almanac the moon's right ascension is given at 



■ Vince'a Ajtr. vol. I. p. 67. Woodliouse'i Astr. p. 3 
ABtnn. Dcbunbie, torn. 2. p. 409. 
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appEurent tuxHi and midnigfat to minutea ot a degree. Fr<KD thence 
ita increase in hh hour of sidereal time may be found. 

The increase for that hour should be used, the middle of which 
is nearly in the middle of the interval which includes the obser- 
vations. 

This method is susceptible of great accuracy, and when the 
places difier much in longitude, the increase of right ascension of 
the moon should be computed more accurately than can be done 
from the right ascensions given in the Nautical Almanac. But the 
right ascensions can be obtained from the latitudes and longitudes 
given in the same work as accurately as can be desired, by the con- 
verse of Prop, 4. 

The best method then would be to assume the difference of lon- 
gitude ^L', which can be done nearly, and then compute the 
increase (£) of the moon's right ascension in the sidereal time L' 
and then 

and the exact diff. of longitude 

But thb exactness ia only necessary when the places differ con- 
siderably in longitude. 

The moon's limb is observed by a transit instrument and not 
the centre, but this makes no difference except when the places 
differ much in longitude. It may then be necessary to make an 
allowance for the moon's alteration of distance, wliich changes its 
apparent diameter, and also for its change of declination, which 
changes its semi-diameter in right ascension. 

A mean of many results obtained by observing the transits of 
the moon before and after opposition, when different limbs are en- 
l^htened, will ^ve great accuntcy. 

Prop. XXIV, To jini the loi^tude of a place Jrom the 
comparisoa of the ^servatUms of the beginninff or end of an 
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eel^se of the aun, made at two plaee$, the longitude of one of 
■which M knottm. 

1. At one of the places let, at the time of observation of the 
banning of the eclipse, the sun's semi-diameter -{- the moon's 
semi-diam. = S. The moon's semi-diameter is to be increased 
according to its altitude (Props. 21 and 22). 

Let the true latitude and longitude of the moon at the time of 
observation he found from the Nautical Almanac. These should 
be corrected for the errors of the tables if known by observation. 

The apparent latitude (L] of the moon and the parallax in lon- 
gitude are to he found by Prop. 32. At the same time the apparent 
diameter of the moon may he found. 

By the right angled triangle formed by S, L and the apparent 
difference of longitude of the moon and sun, we can find this ap- 
parent diS its log. being equal to the log. 

V{S'-LM = ilog (S + L) + ilog (S-L). 

The apparent difference of longitude between the sun and moon 
being known, the true difference is known, by help of the moon's 
parallax in longitude. 

Hence the interval between the timeof observation and the time 
of conjunction bs seen from the centre of the earth, is known, by 
the help of the sun's and moon's motions in longitude given in the 
Nautical Almanac. Therefore the time of the true conjunction is 
known at one of the places. 

2. By a similar proceeding the time of the true conjunction wilt 
be known from the observation of the banning at the other place. 

The difference of these times is the difference of longitudes. 
The mode of proceeding ia the same for determining the differ- 
ence of longitudes by observations of the end of the echpse.* From 

■ It U coDvenlent to carr; on Ibe campulatiaa bo that the eSect of any errora 
in (be data on the result may b« known, and thus the degree of the aceutacy of 
the concluuon eetimated. Thii may be done as follavrs : 
Let di^ the enor ia the aum of the Bemi-diameters, 
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the atove also may be understood the mode of proceeding in deter- 
mining the longitude by an occultation of a star. 

Prop. XXV. Considerinff ike earth as an oblate spheroid, O 
the equatoreal diameter exceeding the poUtr diameter by only a 
small quantity, to find the arc of the meridian intercepted be- 
tween the equator and a given place. 

APN (fig. 66) is the elliptic quadrant, N the pole, AOM the 
circular quadrant, and OT, TFR are tangents. 

Let AC=m, CN = ?i, the lat. of the place P(=OPR) =/, 

TOB = <r, AB = ir, andAPsz, 

cot^: cote : : PB : OB : : M : m, 

m . , cot^ , . , w 
whence cotcs: — .cot/ = T , making«='l , 



AIsoa:=;m — m.cOBTOBsm — m.cosc. Hencedx = m.dc. 
m dl. On'e 



amc ; but dx =. dz .sml, therefore dt = - 

To develope the right hand side of this equation, regarding only 
the first power of the small quantity*; \atc=l=:k. Then sin 



il 1= the emtr in the latitude of the moon, 
ilp=: the error in the horizontal parallax. 
Then if Ihe computalion be carried through with these quanlitieg srmeied to 
the aura of the «mi-diametera, latitude of the moon, and horiiontal parallax ; we 
shall have, calling T the time or conjunctiou computed aa in the abore lolutiDn 
from the eastern obiervation, and T' that from the western. 

Tlie timeofronJQnctionateaatetn place = T -^-adi-^bdl-{-edp. 

The time nfconjunctionat weatern place., . ,=r+ay< + 6y 1+0^(1. 
Where a, i, c, a', b', e', are coefficients resulting from the compulation. 
Hence the diff. of longitude = 
T_T'+(a-<.').rf.+(6-4'). <"+(=-«')■''?• 

From the magnitude of the coeff. (a — a'), Kc, the accuracy of the result nuy 
be eatimated. Thus if (a — a'), &c., be lery small quaotilies considerably leaa 
than unity, the obaervatiana are adapted la give the diflerence of longitude to con- 
uderable accuracy. Vid. Conn, dea Tem. ISII. p. 498. 
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OP 

*=»inOTP = 8mTPO.=. 



C=:a.coa{l—k]. 



OT~OB" 0T~ 
ThUH sin k is of the same order of magnitude as », and therefore 
(suiGecoa(/— i}=co8/. cosA + "°'- ^™* = cos/+^- sin^, re- 
garding only the first powers of «, we have ft =£8. ain/.cos^. 

Now sinc= sin (/—£)=; sin (^ — ^.sin/. coa/) =Bin/ — ff.ain 
/ . cos* /. Hence we hav« 

fe = ^.,l_3,.co.-i) 
1 — a ' ' 

= ffl.<i/.(l— J« — 4.8.COB2/). 

Hence integrating 

«=m,{?'.sinl" — Ja/.sinl" — f .«.sin2/), 
f denoting ihe latitude in seconds. 

I Ptop. XXVI. Given [a) the length of the are of the meri- 
dian hetweenU and'\J-\-'i3,emd [b) the length of the are letween 
II' and li"-{-'D, to Jlnd the equatoreal andpolar diameters (m) 
and (n). 

We first find tn« or m — n, and then m as follows; miscalled 
the compression. Let D" denote the seconds in D; then by tlie 
preceding prop, 
osm. {D".sinl'— J«.D".sinl"— J.«. sin(2L' +2D)+J. 

«.8in2I/{ (1) 

S = OT. lD''.sinl"— J«.D".8inl"— J.«.iiin(2L" + 2D)-|-f 
#.sin2L"} 
6— as=f .m. {8in{2L'+2D)— sin2L'-^iH(2L"+2D)+8in2L"l . 
Bnt'ain(2L'+2D)— Bin2L'=2sinD.co8(2L'+D) 
8in(2L''+2D'— Mn2L"=2sinD.cos(2L"+D) 
C08(2L + I>) — c08{2L"+D)=2sin(L'+L"+D). 
sin{L"— L') 

> See Tiig. p. 31. farmula (13), (14). 
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Hence 

6— a = 3ffl.«*jJflD.Bm{L"— L').8m(L"+L'+D) 
Whence 

b—a 

"^~3.sinD.8unL"— L').Bin(L"+L'-t-D)' 
By equation (1) 

IfDbeasmallarce.^. I'lfj;; — ; — f*— ^ nearly, 
and m=-r—=r+ims+i.m3.coa{Zl/ + 'D). Alson = m — ma. 

Example. Colonel Mudge found the degree commencing lat. 
51° 32' norths 121640 yards. Major Lambton found the degree 
conuneucmg laL 12" 33' north = 120975 yuds. 

By the above formula, m--n=:22!67 yards, »i=6972238 
yards =3961,5 miles, ns6950O71 yBida = 3948,9 miles, and 
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